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spark-ignition	 engines,	 the	 second	 part	 of	 the	 dissertation	 deals	 with	 the	 study	 of	 knocking	
damages	on	Al	pistons.	Thanks	to	the	cooperation	with	Ferrari	S.p.A.	and	Fluid	Machinery	Research	
Group	-	Unibo,	several	bench	tests	have	been	carried	out	under	controlled	knocking	conditions.	
Knocking	 damage	mechanisms	 were	 investigated	 through	 failure	 analyses	 techniques,	 starting	
from	visual	analysis	up	 to	detailed	SEM	 investigations.	These	activities	allowed	 to	 relate	piston	






























































































































































































































































duty	 vehicles.	 Focusing	 on	passenger	 cars,	 emission	 limits	 are	 specifically	 set	 according	 to	 the	
vehicle	mass	 (heavier	 cars	 are	 allowed	 higher	 emissions	 than	 lighter	 cars),	 and	 only	 the	 fleet	
average	 is	 regulated,	 which	 means	 that	 manufacturers	 are	 still	 allowed	 to	 sell	 vehicles	 with	















€95	 for	each	subsequent	g/km;	starting	 from	2019,	 the	cost	will	be	€95	 from	the	 first	gram	of	
exceedance	onwards.	




electricity,	 hydrogen	 […]”,	 but	 “further	 improvements	 to	 the	 internal	 combustion	engine	will	 be	
[also]	needed”.	Due	to	the	lack	of	today	infrastructures	to	meet	the	global	requirements,	in	fact,	








year	 by	 year	 conference	 organised	 by	 Global	 Automotive	 Lightweight	 Materials	
[http://www.global-automotive-lightweight-materials-europe.com]	 since	 2012.	 In	 this	
context,	Al	alloys	continue	to	play	a	key	role,	given	their	great	potential	in	terms	of	mass	
savings	 due	 to	 high	 strength-to-weight	 ratio,	 combined	with	 good	 corrosion	 resistance,	
good	castability	and	formability.	Currently,	Al	alloys	are	massively	used	both	for	structural	










Al	 high	 thermal	 conductivity	 is	 beneficial.	 Moreover,	 the	 adoption	 of	 Al	 pistons	 also	
enhances	secondary	mass	savings,	 such	as	 that	of	con-rods	and	crankshafts.	This	 is	 the	
main	reason	behind	the	adoption	of	Al	alloys	in	the	major	part	of	all	passenger	cars	pistons,	
cylinder	heads,	crankcases.	Nevertheless,	the	main	limit	of	aluminium	alloys	is	to	maintain	
adequate	 mechanical	 properties	 at	 temperatures	 exceeding	 around	 200°C,	 due	 to	
overaging	 (precipitates	 coarsening)	 which	 negatively	 affects	 the	 alloy	 hardness	 and	




Generally	 speaking,	 to	 further	 promote	 mass	 savings,	 it	 is	 necessary	 to	 increase	 the	
strength-to-weight	 ratio	 (R/ρ)	 of	 Al	 alloys	 at	 high	 temperature,	 which	 requires:	 (i)	 an	
increase	of	Al	alloys	resistance	at	high	T	and/or	(ii)	a	reduction	in	alloy	density.	
2. Increased	engine	efficiency.	The	mere	mass	saving	cannot	meet	the	requirements	on	CO2	
emissions,	but	a	parallel,	never-ending	research	aimed	to	 increase	the	 ICEs	efficiency	 is	
needed.	Besides	hybridisation	and	the	reduction	of	both	friction	losses	and	aerodynamic	
drag,	 significant	 improvements	 could	 be	 reached	 through	 the	 increase	 of	 combustion	
efficiency.	Focusing	on	spark-ignition	engines,	among	the	most	promising	strategies	there	




o Higher	 thermo-mechanical	 stresses	 on	 pistons	 and	 cylinders	 under	 normal	
combustions		
o More	likely	occurrence	of	knocking	combustions:	 it	 is	 in	fact	necessary	to	accept	
light	knock	in	order	to	reap	the	full	benefits	of	turbocharging.	Due	to	its	pressure	
oscillation	 and	 local	 heating,	 knock	 further	 increases	 the	 thermo-mechanical	
stresses	of	pistons	and	combustion	chamber	components	in	general.		








On	 this	basis,	 it	 is	 evident	how	material	 properties	 themselves	 contribute	 in	 setting	 the	
lower	 limit	 of	 fuel	 consumption.	 Light	 and	heat	 resistant	Al	 alloys	 for	 automotive	pistons,	with	














• The	second	part	of	 the	Ph.D.	 thesis	 collects	all	 the	experimental	activities	dealing	with	 the	
study	of	knocking	damage	on	Al	automotive	pistons,	carried	out	in	cooperation	with	Ferrari	
Auto	 S.p.A.	 and	 Fluid	Machinery	 Research	 Group	 –	 Unibo.	 Several	 bench	 tests	 have	 been	
carried	 out	 on	 the	 3.9	 liter	 bi-turbo	 V8	 GDI	 turbocharged	 engine	 equipping	 the	 Ferrari	
California	T	model	(412	kW;	560	Hp	at	7500	rpm	and	755	Nm	torque	at	4750	rpm).	The	spark	
advance	of	each	single	cylinder	was	separately	controlled	by	imposing	a	targeted	MAPO	99.5%	











report	 2018,	 2018.	 https://www.eea.europa.eu/publications/european-union-greenhouse-gas-inventory-
2018.	
















[10]	 Y.	 Qi,	 Z.	 Wang,	 J.	 Wang,	 X.	 He,	 Effects	 of	 thermodynamic	 conditions	 on	 the	 end	 gas	 combustion	 mode	










As	highlighted	 in	 the	General	 Introduction	 Sect.,	 vehicle	 lightweighting	 is	 a	 key	 issue	 in	
order	to	fulfil	the	stringent	EU	regulations	 in	terms	of	CO2	and	harmful	emissions.	The	growing	









development,	 due	 to	 the	 continuous	 high	 temperature	 exposure	 and	 the	 consistent	 thermo-
































• To	 form	 the	 combustion	 chamber,	 together	with	 cylinder	head	and	 cylinder	wall	which	
guides	the	moving	piston,	as	clearly	visible	in	Fig.1.1:		











Part	 of	 piston	 mechanical	 loads	 are	 due	 to	 the	 fact	 that	 piston	 directly	 receives	 the	
combustion	pressure,	which	is	converted	into	rotation	of	the	crankshaft	and	therefore	into	brake	
power.	The	today	spark	ignition	engines	reach	up	to	200bar	as	peak	combustion	pressure	[2].		
The	 resulting	 force	FG	produced	by	gas	 is	axial	and	not	constant	over	 the	combustion	cycle.	 In	
particular,	 as	 can	 be	 highlighted	 by	 any	 in-chamber	 pressure	 signal	 (Fig.1.2),	 gas	 pressure	 p	 is	
function	of	the	crank	angle	(ϑ)	and	it	achieves	its	maximum	value	during	the	combustion	phase.	
	
!" = $ % − $' ∙ )*+4 	
where:		







Not	 to	be	neglected	also	 the	 inertia	 load	Fi,	which	 is	axially	directed	and	 it	 is	 therefore	
superimposed	 to	 the	 combustion	 gas	 force	 FG.	 The	 inertial	 effects	 are	due	 to	 the	 acceleration	
produced	by	 piston	 reciprocating	motion,	which	determines	 a	 variable	 piston	 speed	during	 its	
stroke.	As	reported	in	[6,7]	and	shown	in	Fig.1.3,	piston	speed	is	null	 in	correspondence	of	top	






























for	 4	 stroke	motorcycle	 pistons	 is	 in	 the	 range	 15-18	m/s,	while	 it	might	 reach	 10-20	m/s	 for	
passenger	cars	pistons	 [8].	 It	should	be	stressed	that	mean	piston	speed	(and	therefore	 inertia	
load)	is	directly	related	to	piston	stroke,	besides	engine	rotation	speed	which	usually	reaches	high	
values	 in	 racing	 engines.	 Together	 with	 piston	 diameter,	 the	 stroke	 determines	 engine	


































the	 mixture	 of	 fuel	 and	 air	 burnt	 inside	 the	 combustion	 chamber,	 which	 can	 reach	 peak	














are	 secured	 to	 the	block	and	hit	 the	underside	of	 the	piston	 through	pressurized	oil	 at	
intake	and	exhaust	side	[13].	 In	this	case,	piston	temperature	field	also	depends	on	the	

















finally	 to	cylinder	wall	and	 lubricant;	 the	average	 temperature	 in	correspondence	of	piston	pin	
boss	and	piston	skirt	is	usually	lower	than	200°C.		
As	 reported	 later	 in	Part	B	of	 this	Ph.D.	 thesis,	piston	 temperature	 field	plays	an	active	 role	 in	









The	 aforementioned	 piston	 functions	 and	 subsequent	 working	 conditions,	 directly	 turn	 into	
requirements	which	help	 guiding	 the	 choice	 of	materials	 for	 this	 component	 [1,2,4],	 as	 below	
highlighted.	
1. Piston	 transmits	 the	 combustion	 power	 and	 it	 withstands	 severe	 thermo-mechanical	
stresses:		
- Piston	 material	 should	 necessary	 retain	 an	 adequate	 resistance	 at	 high	
temperature,	in	particular	at	piston	crown	where	T	around	300°C	can	be	reached)		
- Piston	material	should	exhibit	a	high	thermal	conductivity,	to	promote	a	uniform	T	








































phenomena	 (tolerating	 therefore	 the	 lower	 thermal	 conductivity	 and	 higher	 mean	
temperature	of	steel/cast	iron	pistons);	
• Other	materials,	 such	as	powder	metallurgy	components	 (even	Al-based)	and	ceramics,	
which	are	usually	niche	products	for	racing	prototypes.		
Since	 the	 whole	 thesis	 deals	 with	 Al	 pistons,	 the	 principal	 Al	 alloys	 for	 pistons	 are	 following	
described.	 Besides	many	 promising	 characteristics	 of	 Al	 alloys	 as	 regards	 the	 abovementioned	
requirements	for	piston	materials,	one	of	their	main	and	very	limiting	drawbacks	is	the	drop	of	



















Alloy	(Si	wt%)	 Al-Si	(12)	 Al-Si	(18)	 Al-Si	(23)	
Thermal	exp	[°C-1]	(range	20	-100°C)	 19.6	x	10-6	 18.6	x	10-6	 18.3	x	10-6	
	
	









It	 is	 indeed	widespread	 the	 adoption	of	 eutectic	 Al-Si	 alloys,	 similar	 to	 the	 commercial	
Mahle®	M124	 (for	 standard	pistons)	 or	M142	 (for	 high	performance	pistons),	whose	 chemical	





the	morphology	of	eutectic	 Si	particles	are	 traditionally	 spheroidized	 thanks	 to	 the	addition	of	
small	amount	of	Na	or	Sr	(ppm)	[1,15,16].	
Compared	 to	 M124	 (later	 referred	 to	 as	 AlSi12	 alloy	 or	 AA4032),	 M142	 (later	 referred	 to	 as	
AlSi12CuNiMg	alloy	or	AA4032+Cu+Ni)	contains	the	same	amount	of	Si,	but	increased	amount	of	
Cu	and	Ni,	which	are	known	to	enhance	the	thermal	stability	of	Al	alloys	[17,18,27,28,19–26].	This	
is	 due	 to	 the	 fact	 that	 Cu	 and	 Ni	 form	 intermetallic	 phases	 (Al7Cu4Ni,	 Al9FeNi,	 Al3Ni2,	 Al3Ni,	
AlNiCuFeSi	-	based,	AlCuNiSi-based)	which	are	intrinsically	more	stable	than	the	Al	matrix	at	high	
































evident	 in	 terms	of	 R/ρ,	while	 the	 alloy	 thermal	 expansion	 coefficient	 is	 higher	 for	Al-Cu	 alloy	
(penalized	by	 the	negligible	Si	 content).	Due	 to	 the	more	expensive	production	 route	but	high	
potential	in	terms	of	high	temperature	resistance,	Al-Cu	piston	alloys	are	typically	used	for	racing	
applications.	














Fig.1.10:	 SEM	 micrographs	 of	 AA2618	 piston	 alloy	 in	 the	 peak-aged	 condition	 at	 a)	 low	 magnification	 (1000X)	 and	 b)	 high	
magnification	(10’000X).	
	
	 Among	 Al-Cu	 alloys,	 also	 the	 less	 common	 belonging	 to	 Al-Cu-Li	 group	 are	 considered	
promising	for	pistons	production:	Li	significantly	contributes	to	a	density	reduction	of	the	alloy	[35]	






























order	 to	 favor	 an	 adiabatic	 combustion	 chamber	 [46],	 but	 these	 are	 not	 of	 interest	 for	 spark-
ignition	engines	since	their	efficiency	is	more	likely	penalized	by	abnormal	combustion	modes.	
In	 addition	 to	 piston	 skirt,	 also	 the	 1st	 ring	 groove	 is	 normally	 coated,	with	 the	 aim	 to	











































energy	 to	both	break	bonds	with	 its	neighbor	atoms	and	 to	cause	 the	 lattice	distortion	
connected	to	the	movement	itself.	
• Interstitial	diffusion.	 If	 the	 solute	atom	 is	 sufficiently	 small,	however,	 it	will	 locate	 in	an	
interstice	between	the	larger	solvent	atoms,	forming	an	interstitial	solid	solution.	Diffusion	
of	interstitial	atoms	usually	occurs	by	atoms	jumping	from	an	interstitial	site	to	another.		
• Grain	 boundary	 diffusion.	 Finally,	 atomic	 migration	 may	 also	 occur	 along	 the	 core	 of	
dislocations,	grain	boundaries	or	at	secondary	phases	interfaces.	Experimental	studies	have	
shown	 that	 this	 kind	of	 diffusion	 is	more	 rapid	 than	diffusion	 through	 the	 interior	 of	 a	






















[1st]	Steady	state:	V = −* WXWY 	
	










Due	 to	 the	 essential	 requirement	 of	 high	 specific	 strength,	 crucial	 components	 in	 the	
automotive	field	are	usually	made	of	heat	treated	Al	alloys,	which	take	advantage	of	precipitation	
strengthening	in	order	to	considerably	increase	their	mechanical	properties.	As	reported	in	[48–
50],	 the	basic	 requirements	 for	Al	alloys	able	to	undergo	precipitation	strengthening	 is	 to	have	








aim	 to	 take	 into	 solid	 solution	 the	 maximum	 practical	 amounts	 of	 the	 soluble	 hardening	
elements	 in	 the	 alloy	 and	 to	 dissolve	most	 of	 the	 coarse	 intermetallic	 particles,	 forming	 a	
homogeneous	solid	solution	between	Al	matrix	and	alloying	elements.	Moreover,	the	chemical	
segregation	 which	 intrinsically	 accompanies	 dendrites	 formation	 is	 reduced.	 The	 whole	
solution	 phase	 relies	 on	 the	 phenomenon	 of	 diffusion,	 therefore	 it	 is	 a	 time-temperature	
dependent	process	[47].		
Due	to	the	huge	presence	of	diverse	alloying	elements	in	high	performance	Al	alloys,	secondary	
phases	 usually	 show	 different	 dissolution	 temperature	 and	 eutectic	 or	 low	 temperature	
melting	 phases	 are	 often	 encountered.	 In	 order	 to	 avoid	 incipient	 melting	 during	 heat	
treatment,	which	would	 lead	to	 inhomogeneous	microstructure	and	consistent	decrease	of	
mechanical	 properties,	 it	 is	 fundamental	 not	 to	 exceed	 the	melting	 temperature	 of	 these	
eutectic	 phases.	 If	 appreciable	 eutectic	 melting	 occurs	 as	 a	 result	 of	 overheating,	 in	 fact,	
properties	such	as	tensile	strength,	ductility,	and	fracture	toughness	may	be	degraded	[48].		
Since	 lower	 solution	 temperatures	 expand	 the	 heat	 treatment	 time	 (and	 time	 of	 furnace	













supersaturated,	 metastable	 solid	 solution	 is	 obtained,	 which	 tends	 to	 evolve	 towards	 an	
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200°C	 are	 usually	 involved	 to	 enhance	 and	 accelerate	 the	 formation	 of	 strengthening	
precipitates	 (compared	 to	natural	 aging	which	 consists	 in	holding	at	 room	 temperature	 for	
several	days).	Different	steps	of	microstructural	evolution	might	be	covered	during	the	aging	
thermal	exposure:		







Since	 the	 amount	 of	 strengthening	 by	 precipitation	 hardening	 depends	 on	 the	 lattice	















on	 aging	 at	 130	 °C	 [48,52];	 (b)	 Strengthening	 coherent	 precipitate	 ϑ’’,	 which	 distorts	 lattice	 structure	 [1];	 (c)	 Coarsening	 of	 ϑ	
precipitates	up	to	the	loss	of	coherency,	which	provides	lower	lattice	mismatch	[1].	
	








190°C.	 It	 has	 also	 to	 be	 noted	 that	 a	 hardness	 higher	 than	 140HB	 is	 only	 achieved	 by	 heat	
treatments	at	190°C	or	200°C,	and	that	a	rapid	decrease	of	hardness	(and	tensile	properties)	 is	
observed	while	prolonging	the	soaking	after	peak	hardness.		





and	 temperature	 of	 solution	 and	 aging	 stages	 mainly	 depends	 on	 the	 diffusivity	 of	 alloying	









temperatures	 (T7	 is	 frequently	 applied	 to	 cast	 or	 forged	 engine	 parts	 such	 as	 pistons).	 Aging	
temperatures	used	 to	produce	T7	 temper	are	generally	higher	 than	 those	used	 to	produce	T6	














solute	diffusing	 through	 the	matrix	and	contributing	 to	 the	growth	of	 the	 larger	particles.	This	
results	 in	 a	 microstructure	 containing	 larger,	 but	 fewer,	 precipitates,	 which	 offer	 a	 lower	









speaking,	 this	 is	 a	 thermodynamically-driven	 spontaneous	 process,	 occurring	 during	 the	 latest	
stage	of	precipitation,	and	consisting	in	the	growth	of	larger	precipitates	at	the	expenses	of	smaller	
ones.	The	phenomenon	is	based	on	the	fact	that	large	particles	are	more	energetically	favored	and	
their	coarsening	minimizes	the	 interfacial	 free	energy	[54].	Liftshitz	et	al.	 [55]	and	Wagner	[56]	



















2.1.3	 High	 temperature	 phenomena:	 mobility	 of	 atoms,	 vacancies,	
dislocations	and	creep	damage	






















mobile	 to	allow	 time-dependent	 rearrangement	of	 the	 structure	 [60].	As	a	 consequence,	even	
under	a	constant	load	well	below	the	material	yield	stress,	a	permanent	continuous	deformation	
occurs,	which	might	 lead	 to	component	 failure.	Generally	 speaking,	 creep	effects	are	visible	at	







































climb	 or	 cross-slip	 activation.	 The	 effectiveness	 of	 dislocations	 cells	 or	 grain	 boundaries	 as	





The	 strengthening	mechanism	 provided	 by	 solid	 solution	 is	 due	 to	 the	 fact	 that	 solute	
atoms	(both	in	substitutional	or	interstitial	position	in	the	matrix)	impose	a	lattice	strain	on	the	
surrounding	 host	 atoms	 [47],	 reducing	 dislocation	movements	 and	 creating	 obstacles	 to	 their	
rearrangement.	A	high	density	of	dislocations	is	therefore	needed	for	the	plastic	deformation	to	









Alloying	 to	 precipitate	 a	 second	 phase	 is	 perhaps	 the	 most	 effective	 and	 successful	
strengthening	route	[63].	Basically,	two	mechanisms	control	particles	interaction	with	dislocations,	
depending	 on	 the	 coherency	 between	 the	 precipitates	 and	 the	matrix,	 and	 in	 both	 cases	 the	
strength	 of	 interaction	 between	 dislocations	 and	 second	 phase	 particles	 is	 determined	 by	 the	
particle	size	and	volume	fraction	and	by	the	nature	of	the	particles	themselves.		








and	 develops	 strength	with	 deformation.	 The	 associated	 deformation	 is	 usually	 homogeneous	
[63].	




































qr(BsLeBJL	.CIICIJ	.eL00@eLR	tC0.Le0uCt0) = 	3	v(suK.xeBA1CuI)	y"E(du@ItBez	LILeJz	)4	4(BsLeBJL	eBtC@0	ux	1{L	tC0.Le0uCt) 	
Eq.2.5:	Zener	pinning	effect	[65,66].	
Zener	pinning	equation	confirms	that	two	fundamental	parameters	should	be	taken	into	
account	 to	provide	an	effective	strengthening,	 that	 is	particle	size	and	 interparticle	spacing.	By	
varying	both	the	particle	size	and	spacing,	acceleration	or	retardation	of	recrystallization	could	be	














small	 spacing	of	 finely	dispersed	thermally	stable	particles,	 resistant	 to	coarsening,	with	a	high	




	 Aiming	 to	 draw	up	 the	main	 criteria	 in	 developing	heat	 resistant	Al	 alloys,	 yet	 castable	
through	conventional	metallurgy	processes,	a	brief	outlook	 to	Ni	 superalloys	was	presented	by	
Knipling	 et	 al.	 in	 their	 review	 [54].	 The	 Ni-based	 superalloys	 are	 in	 fact	 the	most	 successfully	




On	 the	 contrary,	 just	 a	 few	 elements	 show	 an	 appreciable	 solubility	 (>1	 at%)	 in	 Al	 alloys,	
considering	 conventional	 solidification	 processes.	 This	 characteristic	 unfortunately	 leads	 to	 an	
intrinsically	 lower	 precipitation	 fraction	 in	 Al-based	 alloys,	 so	 it	 becomes	 crucial	 to	 get	 small	
dispersed	phases	 (of	 the	order	of	10nm	or	 less,	according	to	Knipling	et	al.	 [54])	 to	provide	an	
effective	 strengthening.	 Clearly,	 these	 phases	 should	 also	 be	 very	 coarsening-resistant	 during	
thermal	 exposure,	 in	 order	 to	 keep	 their	 fine	 structure	 and	 thus	 their	 efficacy	 in	 hindering	
dislocations	motion.	This	marks	the	major	difference	between	Ni	and	Al	heat-resistant	alloys:	for	
Ni	alloys,	the	size	of	precipitates	is	not	a	limitation	thanks	to	the	higher	volume	fraction.	A	visual	
explanation	 of	 this	 phenomenon	 is	 provided	 by	 Fig.2.8	 [54],	which	 compares	 the	 shear	 stress	
required	 for	a	dislocation	to	 loop	around	a	precipitate	 (Orowan	stress)	 in	both	Ni	and	Al	alloys	
characterized	 by	 different	 size	 and	 volume	 fraction	 f	 of	 precipitates.	 This	 is	 of	 course	 an	
approximation:	 even	 if	 dislocation	 looping	 is	 the	 main	 strengthening	 mechanisms	 in	 case	 of	
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of	Ni	 superalloys	which	 is	 applicable	 to	 Al	 alloys	 as	well:	 it	 is	 desirable	 that	 the	 strengthening	
compounds	have	the	cubic	L12	structure,	chemically	and	structurally	analogous	to	Ni3Al	in	the	Ni-
based	superalloys	[54].	The	importance	of	such	phases	is	due	to	the	fact	that	they	can	maintain	
their	 coherency	 with	 the	 matrix	 at	 elevated	 temperatures	 [67],	 improving	 this	 way	 the	 high-
temperature	behavior	of	the	alloy.	In	fact,	the	similarity	in	crystal	structure	between	the	matrix	
(fcc	structure	for	both	Al	and	Ni	alloys)	and	precipitated	phases	allows	for	a	coherent	interface	and	



















Before	 separately	 analyzing	 the	 most	 promising	 candidates	 forming	 Al3M	 intermetallic	
compounds,	a	few	remarks	are	required	to	correctly	guide	the	choice	of	alloying	elements	able	to	
strengthen	Al	alloys	at	high	temperature:	
• It	 is	 desirable	 that	 such	 compounds	 have	 a	 L12	 structure:	 tetragonal	 structures	 are	 less	











ii. since	 the	 dispersoids	 precipitate	 directly	 from	 the	 as-cast	 state,	 they	 are	
inhomogeneously	distributed	and	readily	nucleate	and	growth	into	coarse	particles.	In	
particular,	a	very	poor	resistance	to	recrystallization	is	achieved	in	regions	next	to	grain	
boundaries,	where	 large	 primary	 particles	 are	 known	 to	 encourage	 recrystallization	
during	 annealing	 and	 to	 provide	 some	 preferential	 sites	 for	 nucleation	 [33,76],	
promoting	a	refined	microstructure.		
The	key	role	in	enhancing	thermal	resistance	is	connected	to	the	precipitates	formed	after	
solution+quench+aging:	 these	are	 in	 fact	characterized	by	a	higher	volume	fraction	and	
above	all	finer	dimensions	than	the	primary	ones,	producing	an	increased	strain	energy	in	
the	matrix	 around	 them	and	being	more	 effective	 in	 hindering	 dislocation	motion	 (see	
Zener	pinning	effect	in	Sect.	2.2.2,	Eq.2.5).		







suppress	 the	 formation	 of	 solute-rich	 primary	 (or	 properitectic)	 Al3M	 phases,	 a	 minimum	




Ohashi	 et	 al.	 [78]	 and	Hori	 et	 al.	 [79],	 and	 their	 results	 are	 clearly	 shown	 in	 Fig.2.10.	 Few	
































is	 particularly	 efficient:	 due	 to	microsegregation,	 the	 dendrites	 are	 enriched	 in	 Zr	 and	
depleted	in	Sc,	while	the	opposite	is	observed	in	the	interdendirtic	regions	[75].	This	means	
that	no	precipitates	free	areas	are	produced	after	the	heat	treatment.		
• Sc	was	also	reported	to	 favor	 the	decomposition	of	supersaturated	Al-Zr	solution	and	a	
homogeneous	 Al3(Sc,Zr)	 distribution:	 Jia	 et	 al.	 [86]	 highlighted	 that	 the	 distribution	 of	
strengthening	precipitates	becomes	more	homogeneous	when	Sc	content	is	increased,	and	
at	least	a	minimum	amount	of	Sc	is	necessary	to	promote	a	homogeneous	microstructure.	
However,	 due	 to	 its	 prohibitively	 price	 for	 industrial	 applications,	 Sc	 additions	 have	 not	 been	
performed	nor	considered	during	the	Ph.D.	activities.		
	



















trialuminides	 or	 better	 to	 enhance	 the	 formation	 of	 such	 structured	 precipitates.	 In	
particular	Mn	and	Cr	have	been	found	to	help	stabilizing	L12	structured	Al3Ti	[91,92],	while	
elements	such	as	Cr,	Mn,	Fe,	Cu,	Zn	are	known	to	promote	L12	Al3Zr	formation	[91–95].	
• The	 heat	 treatment	 of	 these	 modified	 alloys	 is	 significantly	 different	 from	 that	 of	 the	
conventional	alloys,	since	Al3M	trialuminides	precipitate	from	the	solid	solution	at	relatively	
high	 temperature	 (350-500°C)	 compared	 to	 the	 classical	 Al-based	 precipitates	 (around	
150-200°C,	as	confirmed	by	the	heat	treatment	proposed	in	the	following	Chapters	3-4).	













trialuminides	 can	maintain	 a	 high	 strength	 at	 aging	 temperature	 as	 high	 as	 400°C	 [75,96,97].	
Moreover,	Al-Zr	master	alloys	are	not	expensive	and	Zr	is	usually	present	in	small	amount	in	each	










alloy	 [88],	 the	 L12	à	 D023	 structural	 transformation	 occurs	 at	 approximately	 500°C:	 overaging	

















I	 Peak-aged	 condition:	 sol-
rich	 dendrites	 contain	 a	













most	 of	 the	metastable	 L12	
precipitates	 turn	 into	 the	
equilibrium	 structure;	 few	
































terminal	 peritectic,	 multi-step	 annealing	 procedures	 can	 be	 adopted	 [101,102].	 The	








regions	 is	 not	 the	 same	 as	 the	 optimum	 heat	 treatment	 conditions	 for	 dispersoid	
precipitation	in	the	low	Zr	regions.	Ramp	heating	at	a	sufficiently	slow	rate,	combined	with	
















attributed	to	the	presence	of	Al3Er,	Al3Zr	and	Al3(Er,	Zr),	 it	 is	reported	 in	 literature	that	Si	has	a	
negative	influence	in	the	Al-Si-TM	system	(where	TM	stands	for	transition	metal),	since	it	lowers	












Nanometric	 dispersoids	 in	 Al-Si-Cu-Mg-Mo	 alloys	 have	 been	 observed	 through	 TEM	
analyses	after	a	solution	treatment	consisting	in	two	steps:	(i)	4h	at	500°C	+	(ii)	1h-10h	at	540°C.	
















from	 these	 techniques	 is	 really	 expensive	 and	 it	 is	 hardly	 a	 shaped	 casting	 [108];	 both	 the	
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as	 highlighted	 in	 Sect.2.3.1	-2.3.2.	 The	main	 advantage	 of	 all	 RS	 processes	 is	 the	 possibility	 to	
overcome	the	limitation	of	the	low	solid	solubility	of	most	of	the	alloying	elements	in	Al,	extending	





The	 interest	 in	 RS	 approximately	 started	 in	 the	 ‘80s,	 as	 confirmed	 by	 the	 Symposium	
sponsored	by	ASTM	 in	 1984	 [113].	 According	 to	 the	 review	by	 Knipling	 et	 al.	 [54],	 the	 rapidly	
solidified	alloys	based	on	the	eutectic	Al-Fe	system	represent	one	of	the	most	heat	resistant	Al	
alloys,	taking	advantage	of	both	solid	solution	strengthening	and	Al-Fe	dispersoids,	and	are	covered	
































L.Ceschini,	 Al.Morri,	 An.Morri,	 Journal	 of	 Materials	 Engineering	 and	 Performance,	
Vol.26(8),	 pp.3802-3812,	 2017.	 The	 study	 reports	 the	 effects	 of	 thermal	 exposure	 on	
AA4032	piston	alloy,	assessed	through	hardness	and	room	temperature	 tensile	 tests	on	





step	 towards	 improving	 the	 high	 temperature	 performance	 of	 AA4032.	 The	 alloy	 was	
supplied	by	Duraldur	S.p.A.,	which	is	specialized	in	the	production	of	gravity	cast	and	forged	
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Metallography	Microscopy;	Static	Mechanical	
Abstract	
This	 study	 aims	 to	 evaluate	 the	 effects	 of	 prolonged	 thermal	 exposure	 on	 both	
microstructural	evolution	and	mechanical	properties	of	the	EN	AW-4032	T6	piston	alloy.	For	the	
purpose,	the	experimental	activities	have	been	carried	out	on	samples	machined	from	forged	and	
heat	 treated	 automotive	 pistons.	 The	 effects	 of	 overaging	 have	 been	 investigated	 in	 the	
temperature	 range	140÷290°C,	 firstly	by	evaluating	 the	 time-temperature-hardness	 curves	and	
then	by	carrying	out	room	temperature	tensile	tests	on	overaged	samples.	The	material	softening	
was	 substantial	 and	 extremely	 rapid	 when	 the	 soaking	 temperature	 exceeded	 250°C.	 During	










For	 many	 years,	 eutectic	 Al-Si12	 alloys	 have	 been	 widely	 used	 in	 critical	 automotive	
components,	such	as	engine	blocks	or	pistons,	due	to	their	good	castability,	low	thermal	expansion	
coefficient,	 high	 thermal	 conductivity,	 combined	 with	 good	 wear	 and	 corrosion	 resistance	
[18,19,106].	 The	 increasingly	 tighter	 regulations	 on	 greenhouse	 gas	 emissions	 recently	 led	
automotive	manufacturer	to	consider	both	significant	weight	reduction	and	higher	fuel	efficiency	
as	 guidelines	 for	 materials	 research	 and	 development.	 Together	 with	 new	 alloys	 or	 surface	
modification	treatments	to	reduce	friction	loss	and	vehicle	weight,	the	engine	downsizing	and	the	


























the	 maximum	 engine	 efficiency,	 which	 is	 therefore	 strictly	 connected	 to	 the	 high	
temperature	material	strength.	
	
As	 reported	 in	 [121],	 EN	 AW-4032	 is	 a	 eutectic	 Al-Si	 alloy	 widely	 used	 for	 engine	 pistons	
production;	 the	 alloy	 contains	 significant	 quantities	 of	 Cu,	 Ni,	Mg	 (around	 1wt%),	 in	 order	 to	
increase	 thermal	 stability,	while	 Fe	 content	 is	maintained	 below	0.3wt%.	 It	 is	well	 known	 that	
several	 factors	 affect	 the	 alloy	 mechanical	 properties	 at	 high	 temperature:	 (i)	 the	 chemical	
composition	(since	alloying	elements	provide	solid	solution	and	precipitation	strengthening);	(ii)	











the	 Q-Al5Cu2Mg8Si6	 phases	 after	 overaging	 for	 1000h	 at	 350°C	 [18,19];	 the	 latter	 phases	 are	
considered	too	coarse	to	effectively	strengthen	the	matrix.	Cu	also	forms	several	aluminides	when	
combined	with	Ni	addition,	like	Al3CuNi,	Al7Cu4Ni	[26];	both	the	thermal	stability	and	the	fine	size	
of	 these	 compounds	 make	 Ni	 an	 important	 alloying	 element	 for	 improving	 high	 temperature	
resistance	of	 EN	AW-4032	piston	alloy	 [25,29],	 even	 if	 its	 high	prize	has	 recently	 guided	 some	
researchers	to	evaluate	the	minimum	Ni	content	to	withstand	pistons	requirements	[26,126].	
In	addition	to	that,	the	formation	of	Fe-based	intermetallic	compounds	is	inevitable	even	if	Fe	is	











properties	 during	 high	 temperature	 exposure.	 The	 in-service	 decay	 of	 piston	 alloy	 properties	
determines	the	limits	of	the	maximum	temperatures	and	pressures	in	the	combustion	chamber	













Element	 Si	 Fe	 Cu	 Mn	 Mg	 Zn	 Ti	 Ni	 Al	
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hardness	 tests	were	 carried	 out	 according	 to	 the	ASTM	E	 10-08	 standard	 (hardened	 steel	 ball	
indenter	with	2.5mm	diameter	and	62.5kg	load	applied).	For	each	time-temperature	condition,	6	
hardness	measurements	(performed	on	2	different	specimens)	were	carried	out	in	order	to	reduce	












and	 n	 the	 strain	 hardening	 coefficient.	 The	 strength	 coefficient	 (K)	 and	 the	 strain	 hardening	
exponent	(n)	have	been	calculated	according	to	ISO	10275:2007	standard.	The	tensile	properties	
have	been	finally	related	to	the	residual	hardness	of	the	alloy	after	soaking.	












To	 study	 the	 alloy	 microstructure	 and	 to	 relate	 its	 mechanical	 behavior	 to	 the	
microstructural	changes	caused	by	thermal	exposure,	microstructural	analyses	were	carried	out	
by	optical	microscopy	(OM),	scanning	electron	microscopy	(SEM),	equipped	with	energy	dispersive	
X-ray	 spectroscopy	 (EDS),	 and	 field	 emission	 gun	 scanning	 electron	 microscopy	 (FEG-SEM).	
Samples	for	microstructural	characterization	have	been	cut	from	the	tensile	specimens,	close	to	
the	fracture	surfaces,	then	cold	embedded	in	resin,	ground	and	polished	according	to	ASTM	E3	
standard.	 OM	 investigations	 were	 carried	 out	 on	 both	 chemically	 etched	 and	 simply	 polished	
samples,	through	a	Zeiss	Axio®	Image	Analizer.	According	to	ASTM	E407	standard,	two	different	
etching	 treatments	 were	 used:	 immersion	 for	 15s	 in	 the	 Keller’s	 reagent	 for	 grain	 size	
measurement	 and	 immersion	 for	 2min	 in	 H3PO4	 at	 50°C.	 Unetched	 samples	 were	 analyzed	
through	 both	 Zeiss	 LEO®	 1530	 SEM-FEG	 and	 Zeiss	 EVO®	 MA	 50	 SEM	 for	 microstructural	
investigations.	 In	 addition,	 fractographic	 analyses	 were	 carried	 out	 aiming	 to	 highlight	 the	
















By	 considering	 the	 thermal	 response	 at	 the	 lower	 temperatures,	 namely	 140÷200°C,	 a	
slight	 hardness	 increase	 is	 perceivable:	 the	 starting	material,	 characterized	 by	 115HB,	 reaches	
118HB	after	 soaking	at	140°C	 for	5	days	 (or	 less	at	higher	 temperatures).	 This	means	 that	 the	
output	of	the	industrial	heat	treatment	(whose	parameters	are	reported	in	Table	3.2)	is	a	slightly	
under-aged	 temper	 condition.	 This	 aspect	 immediately	 underlines	 a	 significant	 margin	 of	
improvement	in	the	industrial	practice,	since	piston	alloys	are	usually	T7	heat	treated	(stabilized)	
[1]	 to	 enhance	 dimensional	 stability.	 Moreover,	 for	 the	 investigated	 soaking	 times,	 the	 alloy	
maintains	the	peak-aged	hardness	values	(115-118HB)	when	exposed	at	temperatures	lower	than	
170°C.	 Since	 the	 hardness	 response	 of	 the	 heat-treated	 aluminum	 alloys	 mainly	 depends	 on	
nature,	 size	and	distribution	of	 the	strengthening	precipitates	 formed	during	aging,	 the	almost	
constant	values	of	alloy	hardness	after	1week	of	exposure	at	170°C	confirm	the	thermal	stability	
of	the	reinforcing	precipitates	up	to	this	temperature.	
By	 considering	 the	behavior	 at	 higher	 temperatures,	 it	 is	 clear	 that,	when	 temperature	
exceeds	 200°C,	 the	 higher	 the	 temperature,	 the	 faster	 the	 loss	 of	mechanical	 properties.	 This	
phenomenon	 gives	 evidence	 of	 the	 temperature	 dependent,	 diffusion-controlled	 mechanisms	














of	 the	different	classes.	Time	and	 temperature	of	exposure	were	chosen	by	means	of	 the	HTT	
curves	(Fig.3.3).	
Table	3.3:	Classes	of	specimens	characterized	by	different	residual	hardness,	due	to	different	thermal	exposure.	
Class	HB10	 Thermal	exposure	 HB10	(Average)	 HB10	(St.	Dev.)	
Peak-aged	 None	 117	 0.6	
105	 6	h	at	230°C	 101	 0.9	
90	 33	h	at	230°C	 88	 0.5	
75	 72	h	at	290°C	 73	 0.2	





















Peak-aged	 263	±	2.5	 304	±	4.0	 1,8	±	0.6	
105		 216	±	2.1	 268	±	4.2	 2,7	±	0.4	
90	 178	±	2.3	 238	±	4.6	 3,6	±	0.3	
75	 120	±	5.7	 201	±	2.1	 5,7	±	0.9	










power	 law,	exhibiting	a	continuous	 increase	with	decreasing	residual	hardness.	Fig.3.6b	 instead	



















The	main	 strengthening	mechanism	 in	 the	peak-aged	alloy	 is	 precipitation	hardening,	which	 is	
offered	by	the	elastic	distortion	of	the	crystal	structure	due	to	the	presence	of	very	fine,	coherent	










On	 the	 contrary,	 the	 strengthening	mechanism	 in	 the	 overaged	 alloy	 is	 chiefly	 related	 to	 the	
presence	 of	 coarsened,	 not	 coherent	 and	 not	 shearable	 precipitates.	 The	 interaction	 between	
coarse	 particles	 and	 dislocations	 switches	 from	 Ashby	 to	 Orowan	 mechanism	 [128,129]:	
dislocations	can	easily	by-pass	 the	coarse	particles,	 leaving	dislocation	 rings	around	 them.	This	
firstly	leads	to	low	values	of	proof	strength	and	strength	coefficient.	If	further	stress	is	imposed,	





By	 combining	 the	 empirical	 expression	 of	 K	 and	 n	 in	Hollomon’s	 law	 (Eq.3.1),	 Eq.3.2	 is	
obtained,	able	to	model	the	true	stress-true	strain	relationship	for	the	tested	alloy	in	the	plastic	
field:	












































Fig.3.9:	 Backscattered	 electrons	 SEM	micrographs	 of	 the	 forged	 and	 T6	 heat	 treated	 EN	 AW-4032	 alloy:	 (a)	 coarse	 Fe-Ni	 rich	




surfaces	 of	 the	 tensile	 specimens.	 In	 particular,	 Fig.3.10a	 highlights	 the	 presence	 of	 some	
intergranular	 cracks	 in	 the	 peak-aged	 specimen.	 Chemical	 etching	 does	 not	 highlight	 any	
precipitation,	 that	 instead	 clearly	 appears	 in	 the	 thermally	 exposed	 specimens	 (Fig.3.10b	 and	
Fig.3.11).	The	latter,	softened	down	to60	HB,	shows	small	intermetallic	compounds	precipitating	
at	 grain	 boundaries	 but	 no	 cracks	 are	 evident	 along	 these	 boundaries.	 The	 coarsening	 of	
precipitates,	 in	 fact,	 leads	 to	 a	 significant	 depletion	 of	 strengthening	 precipitates	 at	 grain	
boundaries,	which	subsequently	gives	origin	to	precipitation	free	zones	(PFZs	[30,130]).	Due	to	the	









than	 1µm)	 are	 visible.	 A	 fine	 network	 of	 precipitates	 coarsened	 due	 to	 thermal	 exposure	 (yet	
smaller	than	1µm),	decorates	grain	boundaries.	The	extremely	small	size	of	the	precipitates	does	





Fig.3.10:	OM	micrographs	 of	 EN	AW-4032	 samples	machined	 from	 tensile	 specimens,	 after	 etching	with	H3PO4:	 (a)	 cracked	 Si	









SEM	 investigations	 of	 the	 fracture	 surfaces	 are	 useful	 to	 assess	 the	 effects	 of	
microstructural	evolution,	due	to	thermal	exposure,	on	the	 fracture	pattern.	 It	 is	also	worth	to	
point	out	how	the	different	fracture	patterns	are	consistent	with	the	slight	elongation	to	failure	of	






Low	 magnification	 backscattered	 electron	 micrographs	 (Fig.3.12a	 and	 Fig.3.12b)	 clearly	 show	
similar	 fractographic	 features	 but	 with	 some	 differences.	 The	 peak	 aged	 specimen	 (Fig.3.12a)	
shows	a	higher	fraction	of	brittle,	fractured,	coarse	Si	crystals	(indicated	by	the	arrows)	together	
with	 a	 higher	 amount	 of	 fine	 Cu-Fe-Ni	 intermetallic	 compounds	 (brighter	 phases	 in	 the	





large	particles,	which	 initiate	 the	 failure.	However,	 it	 is	 possible	 to	 define	 two	different	 failure	
mechanisms:	

















samples,	 coupled	 with	 microstructural	 and	 fractographic	 investigations.	 A	 complete	














• Tensile	 specimens	 machined	 from	 forged	 and	 heat	 treated	 pistons	 reveal	 a	 fine	 but	
inhomogeneous	microstructure,	consisting	of	coarse	primary	Si	crystals	and	intermetallics	



















[17,18,27,28,19–26].	 This	 is	 due	 to	 the	 fact	 that	 both	 Cu	 and	 Ni	 form	 intermetallic	 phases	
(Al7Cu4Ni,	Al9FeNi,	Al3Ni2,	Al3Ni,	AlNiCuFeSi	-	based,	AlCuNiSi-based)	which	are	intrinsically	more	
stable	than	the	Al	matrix	at	high	temperature	and	provide	an	effective	load	transfer.	



















































Elements	[wt%]	 Si	 Mg	 Mn	 Fe	 Ni	 Cu	 Al	















OM	 and	 SEM	microstructural	 investigations	 were	 also	 carried	 out	 at	 each	 step	 of	 the	
experimental	activities.	It	should	be	pointed	out	that	cast	material	coming	from	the	lateral	areas	
with	finer	microstructure	(Fig.3.13),	in	particular	from	the	bottom	of	the	casting,	was	preferentially	














best	 combination	 of	 soaking	 time	 and	 temperature	 for	 the	 solution	 heat	 treatment.	 A	 limited	
endothermic	peak	with	an	onset	temperature	around	508°C	can	be	noticed,	before	reaching	the	
huge	 peak	 of	 heat	 flow	 associated	 to	 the	 whole	 alloy	 melting.	 In	 view	 of	 this	 and	 of	 the	
aforementioned	 bibliographic	 references,	 which	 suggested	 a	 prolonged	 solution	 treatment	 at	




































   
   
   
























   
   






















   
   




























   
   




AlSi11Cu3Ni1 non modificata 495-1h





















   
   




AlSi11Cu3Ni1 non modificata 495-1h
b





















   
   
   


























   
   
   




AlSi11Cu3Ni1 non modificata 495-2hbis





















   
   
   


















































	 The	 artificial	 aging	 step	was	once	 again	optimized	 taking	 advantage	of	 Brinell	 hardness	





180°C-215°C	was	 therefore	 selected	 to	 evaluate	 the	 optimal	 artificial	 aging.	 Since	 this	 alloy	 is	
employed	for	pistons	production,	a	T7	temper	would	be	preferable,	in	agreement	with	Konečná	et	
al.	[29].	
The	different	aging	curves	are	 reported	 in	Fig.3.17.	 It	 can	be	noted	 that	 soaking	as	 long	as	5h	
produce	an	overaged	T7	temper	both	at	200°C	and	215°C,	while	holding	at	185°C	approximately	










































Al	 solid	 solution	 without	 incurring	 in	 primary	 precipitation	 during	 solidification,	 for	 any	
conventional	casting	techniques.	
As	regards	the	heat	treatment,	Farkoosh	et	al.	 [105,107]	proposed	a	solution	treatment	































Elements	[wt%]	 Si	 Mg	 Mn	 Fe	 Ni	 Cu	 Mo	 Al	





which	 is	 supposed	 not	 to	 produce	 low	 melting	 phases.	 Brinell	 hardness	 tests	 were	 indeed	
performed	on	samples	grinded	up	to	at	 least	600	grit	size,	using	a	hardened	steel	ball	 indenter	










Finally,	 to	 evaluate	 the	 effectiveness	 of	 Mo	 additions	 for	 high	 temperature	 resistance	
and/or	 the	 effectiveness	 of	 different	 heat	 treatments	 (T7-base	 and	 T7-Mo)	 in	 stimulating	Mo-
based	dispersoids,	overaging	heat	treatments	have	been	performed	at	250°C	for	both	base	and	
Mo	containing	alloy,	heat	treated	according	to	both	T7-base	and	T7-Mo	temper	conditions.	
OM	and	SEM	microstructural	 investigations	were	 carried	out	 at	 each	 step	of	 the	experimental	
activities.	
3.3.3	Results	and	discussion	









alloy	 (see	 the	 endothermic	 peak	with	 an	 onset	 T≈508°C	 in	 Fig.3.15a),	 the	 1st	 step	 of	 solution	
consisting	in	2h	soaking	at	T=495°C	was	also	applied	to	the	Mo	enriched	alloy.	DTA	analyses	on	the	
base	alloy	also	highlighted	the	presence	of	a	peak	associated	to	the	complete	melting,	with	an	
onset	 T≈525°C	 (Fig.3.15c);	 as	 a	 consequence,	 in	 order	 to	 avoid	 incipient	melting	 also	 for	Mo	
enriched	 alloy,	 most	 of	 the	 attempts	 to	 optimize	 the	 solution	 treatment	 did	 not	 exceed	 this	




have	 a	 similar	 effect	 to	 an	 increase	 in	 holding	 temperature.	 In	 a	 single	 attempt,	 an	 additional	
soaking	at	540°C	for	1h	was	introduced,	in	order	to	determine	the	influence	of	higher	T	in	boosting	




























































to	what	 observed	 after	 T7-base	 treatment.	 SEM	micrographs	 are	 reported	 in	 Fig.3.25:	 a	 huge	
interdentdritic	shrinkage	can	be	easily	recognized	(Fig.3.25a),	as	well	as	the	presence	of	both	Al-
























performance	 of	 the	 starting	 AlSi12CuNiMg	 alloy.	 The	 base	 alloy,	 in	 fact,	 takes	 advantage	 of	














































As	already	mentioned	 in	Sect.1.2,	Al-Cu	alloys	 for	pistons	are	 typically	dedicated	 to	hot	 forged	
components	 for	 racing	 applications.	 Compared	 to	 Al-Si	 alloys,	 these	 exhibit	 in	 fact	 a	 higher	
potential	in	terms	of	high	temperature	resistance	and	they	deserve	an	in-depth	study.	Chapter	4	
is	divided	as	follows:		
• Sect.	 4.1	 focuses	 on	 the	 comparison	 between	 Al-Si	 EN-AW4032	 piston	 alloy	 (widely	
investigated	in	Sect.	3.1)	and	the	high	performance	Al-Cu	EN	AW-2618	piston	alloy,	which	




on	 mechanical	 properties	 of	 EN	 AW-2618	 and	 EN	 AW-4032	 piston	 alloys”,	 E.Balducci,	
L.Ceschini,	 Al.Morri,	 An.Morri,	 La	Metallurgia	 Italiana,	 Vol.6,	 pp.89-92,	 2016.	The	 study	





the	 form	 of	 extruded	 bars.	 Part	 of	 the	 activities	 (dealing	 with	 SEM-FEG	 and	 TEM	
microstructural	characterization)	have	been	carried	out	in	cooperation	with	Prof.	Marisa	di	
Sabatino	 Lundberg	 and	 Prof.	 Yanjun	 Li,	 Dept.	 of	 Materials	 Science	 and	 Engineering,	
Norwegian	University	of	Science	and	Technology	(NTNU),	Trondheim.	The	main	results	of	
this	research	were	published	in	the	following	papers:		
§ “High	 Temperature	 Behavior	 of	 the	 EN	 AW-2618A	 Piston	 Alloy	 Containing	






§ Effect	 of	 Zr	 Addition	 on	 Overaging	 and	 Tensile	 Behavior	 of	 2618	 Aluminium	
Alloy”,	 S.Toschi,	 E.Balducci,	 L.Ceschini,	 E.A.Mørtsell,	 A.Morri,	 M.Di	 Sabatino,	
Metals	2019,	9,	130,	2019.	
• Sect.	4.3,	4.4,	4.5	deal	with	 two	 innovative	Al-Cu-Li	alloys,	AA2099	and	AA2055,	widely	
adopted	 for	 structural	 aerospace	 applications	 thanks	 to	 their	 considerably	 low	 specific	
weight	and	high	elastic	modulus,	 characteristics	with	 turn	 into	high	 specific	 strength	at	






300°C,	 showing	 promising	 results	 in	 terms	 of	 specific	 strength.	 The	 comparison	 with	




precisely	 link	 the	 microstructural	 evolution	 to	 the	 decay	 of	 properties.	 STEM	





- “Thermal	 stability	 of	 the	 lightweight	 2099	 Al-Cu-Li	 alloy:	 tensile	 tests	 and	
microstructural	 investigations	 after	 overaging”,	 E.Balducci,	 L.Ceschini,	 S.	
Messieri,	S.Wenner,	R.Holmestad,	Materials	&	Design,	Vol.119,	pp.54-64,	2017	
- “Effects	of	overaging	on	microstructure	and	tensile	properties	of	the	2055	Al-	
















The	 present	 study	 focuses	 on	 two	 Al	 alloys,	 widely	 used	 for	 high	 performance	 forged	
pistons:	 EN	 AW-2618	 and	 EN	 AW-4032.	 Their	 thermal	 resistance	 was	 assessed	 in	 the	 range	
200÷290°C,	 up	 to	 168h,	 through	 hardness-time-temperature	 curves	 and	 tensile	 tests.	 In	 both	

















Cu	 Mg	 Ni	 Fe	 Zr	 Al	
2.13	 1.43	 1.03	 0.89	 0.14	 bal.	
	
EN	AW-4032	[wt%]	
Si	 Fe	 Cu	 Mg	 Ni	 Al	










T	[°C]	 t	[h]	 T	[°C]	 t	[s]	 T	[°C]	 t	[h]	
525	±	5	 8	 50÷70	 35	 200	±	5	 20	
	
Solution	4032	 Quench	 Aging	4032	
T	[°C]	 t	[h]	 T	[°C]	 t	[s]	 T	[°C]	 t	[h]	





to	 overaging,	 according	 to	 different	 conditions	 of	 temperature,	 in	 the	 range	 200-290°C,	 and	
soaking	time,	from	10min	up	to	168h.	Temperatures	were	selected	within	the	range	of	interest	to	




and	 EN	 AW-2618	 piston	 alloys,	 room	 temperature	 tensile	 tests	 were	 carried	 out	 on	 overaged	
samples.	Flat	dog	bone	tensile	specimens,	machined	from	T6	heat-treated	piston	crowns,	were	
used,	 with	 32mm	 gauge	 length,	 6mm	 gauge	 width	 and	 3mm	 gauge	 thickness.	 Before	 test,	









Residual	hardness	[HB]	 Overaging	treatment	 Residual	hardness	[HB]	 Overaging	treatment	
Peak-aged:	115	 /	 115	 10h	at	230°C	
105	 6h	at	230°C	 105	 120h	at	230°C	
90	 33h	at	230°C	 90	 3.5h	at	290°C	
































SEM	 analyses	 of	 the	 tensile	 fracture	 surfaces	 (Fig.	 4.3)	 clearly	 confirm	 that	 the	 difference	 in	
ductility	 is	 linked	 to	 different	microstructural	 features	 that	 characterize	 the	 two	 alloys.	 The	 Al	
matrix	of	EN	AW-2618	exhibits	a	significant	presence	of	fine	intermetallics,	some	microns	in	size,	







fine	 intermetallics,	present	 in	 the	EN	AW-2618	alloy	 (Fig.	4.3c),	 allow	an	optimal	 load	 transfer,	
causing	a	significant	and	visible	plastic	deformation	of	the	matrix.	Even	at	90HB	residual	hardness,	
plastic	deformation	of	the	matrix	is	slightly	visible	in	EN	AW-4032	samples,	highlighted	by	green	




















alloys,	 comparing	 the	 same	 residual	 hardness	 conditions,	 gave	 also	 evidence	 of	 the	 higher	
elongation	 to	 failure	and	 tendency	 to	dislocation	hardening	of	 EN	AW-2618;	 this	 is	due	 to	 the	
homogeneous	 dispersion	 of	 fine,	 thermally	 stable	 intermetallics	 which	 effectively	 hinder	
























• increasing	 Zr	 content	 up	 to	 the	maximum	 amount	which	 is	 retainable	 in	 solid	 solution	
during	 conventional	 casting,	 while	 avoiding	 the	 pro-peritectic	 precipitation	 of	 primary	
trialuminides	à	Zr	was	therefore	increased	up	to	0.25wt%		
• tailoring	the	heat	treatment	(in	particular	the	solution	step)	to	stimulate	an	optimal	size,	
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nature	 of	 Zr	 (see	 Sect	 2.3.3	 for	 further	 details),	 its	 concentration	 significantly	 changes	
towards	 the	 dendrites	 and	 the	 temperature	 stimulating	 Zr	 precipitation	 in	 the	 inner	
dendritic	areas,	(enriched	in	Zr)	is	different	from	the	optimal	temperature	for	interdendritic	
areas	(which	contain	a	lower	amount	of	Zr).	Robson	[101–103]	thus	proposes	a	two-step	






Taking	 into	 account	 the	 researches	 by	 Knipling	 et	 al.	 [76,88],	 who	 found	 that	 Al3Zr	
transformation	 from	 L12	 to	 D023	 structure	 occurs	 at	 approximately	 500°C,	 a	maximum	
temperature	of	490°C	was	chosen	for	the	solution	step.	The	intermediate	temperature	was	
therefore	 imposed	 equal	 to	 0.88	 x	 490	 ≈	 430°C.	 In	 order	 to	 make	 the	 modified	 heat	















































(Fig.4.6),	 both	 according	 to	 the	 IHT	 and	 RHT	 specifications,	 reveal	 the	 higher	 presence	 of	
intermetallics	 in	 Zr	 enriched	 alloy.	 In	 particular,	 numerous	 skeleton-like	 secondary	 phases	 are	
highlighted	in	Fig.4.6c,d,	while	the	same	phases	appear	more	fragmented	in	the	base	alloy.		
SEM-EDS	 analyses	 on	 solutioned	 samples	 (Fig.4.7)	 are	 in	 complete	 agreement	 with	











































































Fig.4.11:	 TEM	 images	 of	 the	 IHT	 base	 alloy	 after	 192h	 soaking	 at	 300°C,	 all	 acquired	 along	 the	 <110>Al	 direction.	 The	 lower	





The	 images	 at	 high	magnification	 (Fig.4.12a)	 show	 that	 the	microstructure	mainly	 consists	 of	
coarsened	 needle-like	 precipitates	 (probably	with	 the	 Al2CuMg),	whose	 length	 is	 ranging	 from	
50nm	to	more	than	1µm.	However,	 in	this	case,	precipitates	have	a	higher	number	density	and	










magnification	 image	 (a)	 shows	once	again	 the	huge	amount	of	 coarsened	Al2CuMg	phases.	At	higher	magnification(b)	 several	














coarsened	needle-like	precipitates,	which	are	 supposed	 to	be	 the	Al2CuMg	S-phases.	 In	
particular,	 the	 IHT	 Zr	 enriched	 alloy	 exhibit	 finer	 and	more	 homogeneous	 precipitates	
compared	to	the	RHT	alloy.		
• A	 high	 amount	 of	 nanometric	 Zr	 based	 dispersoids	 dominate	 the	microstructure	 of	 Zr	

















improvement	of	 tensile	properties	due	to	Zr	additions,	under	both	heat	 treatment,	even	 if	 the	
overaging	curves	of	base	and	Zr	enriched	alloys	at	250°C	are	almost	superimposed	(Fig.4.9a).	It	
should	be	however	pointed	out	 that,	 regardless	 of	 Zr	 content,	 IHT	 samples	 always	 exhibited	 a	
superior	performance,	both	at	room	temperature	and	at	250°C.	































to	 the	 base	 alloy	 after	 thermal	 exposure.	 Nevertheless,	 TEM	 analyses	 in	 the	 fully	 overaged	
condition	at	300°C	show	important	benefits	related	to	an	increased	Zr	content:	
• a	huge	presence	of	 nanometric-sized,	 spherical	 Al3Zr	 dispersoids,	which	have	not	 been	
highlighted	in	the	base	IHT	alloy;	
• a	 much	 more	 homogeneous	 distribution	 of	 finer	 (though	 coarsened)	 needle	 like	
strengthening	phases,	which	are	supposed	to	be	Al2CuMg.	
















in	 the	 temperature	 range	200-305°C,	 through	both	hardness	 and	 tensile	 tests	 after	 overaging.	


























increase	 due	 to	 1wt%	 Li	 addition	 [36]).	 Combined	 with	 the	 possibility	 to	 use	 conventional	
production	processes,	the	enhancements	in	specific	strength	and	stiffness	have	made	Al-Li	alloys	
a	competitive	alternative	to	more	conventional	aluminum	alloys	(such	as	those	of	the	6XXX	and	




from	 the	 first	 generation,	 a	 significant	 enhancement	 in	 fracture	 toughness	 has	 been	 achieved	
thanks	to	both	a	specific	balance	in	chemical	composition	and	a	simultaneous	optimization	of	the	





artificial	aging),	 the	key	point	being	 the	generation	of	 the	desired	texture	and	sub-structure	 to	
make	the	precipitation	more	effective	and	uniform	[140,141].	Cold	deformation,	in	fact,	induces	a	





offers	 the	 maximum	 strengthening	 effect	 and	 is	 more	 thermally	 stable.	 In	 addition	 to	 these	
strengthening	 phases,	 the	 relevant	 presence	 of	 Cu	 and	 Mg	 in	 Al(-Cu)-Li	 alloys	 leads	 to	 the	
formation	of	ϑ’	(Al2Cu),	S’	(Al2CuMg)	and	σ	(Al5Cu6Mg2)	phases.	Mg	is	also	known	to	promote	the	
nucleation	of	T1	precipitates	at	the	expenses	of	ϑ’	[148].	
Usually,	 Zr	 and	Mn	 are	 also	 added	 in	 low	quantities;	 these	 elements	 are	 known	 to	 form	Al3Zr	
(spherical)	and	Al20CuMn3	(rod-like	shaped)	dispersoids,	essential	to	control	texture,	to	pin	grain	
and	 sub-grain	 migration	 and	 to	 inhibit	 recrystallization,	 enhancing	 fracture	 toughness	
[36,142,149–151].	Given	 the	 opposite	microsegregation	 patterns	 of	Mn	 and	 Zr	 in	 Al,	 the	 joint	














interesting	properties	 for	aerospace	applications,	however	 there	 is	a	substantial	 lack	of	studies	
focusing	on	the	thermal	stability	of	this	alloy.	Very	few	studies,	whose	aim	is	mainly	linked	to	the	
design	 of	 the	 aging	 treatment,	 deal	 with	 thermal	 exposure	 of	 AA2099	 at	 medium-high	
temperature	(that	is	below	200°C),	but	little	attention	has	been	given	to	microstructural	features	
[146,152,154,155].		
Jabra	 et	 al.	 [156]	 firstly	 evaluated	 the	 response	 of	 AA2099	 to	 prolonged	 thermal	 exposure	 at	
elevated	 temperatures	 (180°C,	230°C,	290°C),	 in	order	 to	 replicate	a	 range	of	possible	 thermal	
environments.	For	all	the	investigated	temperatures,	a	decrease	of	tensile	properties	was	found,	
coupled	with	an	increase	of	the	elongation	to	failure.	Even	if	the	decay	of	tensile	properties	showed	





Further	 studies	 are	 therefore	 required	 in	 order	 to	 completely	 characterize	 the	 alloy	
strengthening	mechanisms	and,	above	all,	to	evaluate	the	maximum	service	temperature	the	alloy	
is	able	to	withstand	without	a	significant	strength	loss.	The	study	falls	within	a	wider	context:	the	
huge	 benefits	 of	 AA2099	 in	 terms	 of	mass	 savings	make	 it	 a	 potential	 candidate	 not	 only	 for	
structural	components	in	the	aerospace	field,	but	also	for	automotive	applications,	even	for	engine	
components.	 The	 increasingly	 topical	 race	 to	 boost	 fuel	 economy,	 which	 today	 involves	 car	
manufacturers,	has	not	to	be	neglected.	Since	automotive	applications	are	extremely	challenging	
in	terms	of	both	specific	strength	and	service	temperature,	the	aim	of	this	study	is	to	evaluate	the	
possibility	 to	expand	 the	2099	 temperature	 range	of	 applications.	 Time-Temperature-Hardness	
curves,	 tensile	 tests	 at	 room	 and	 high	 temperature	 on	 peak-aged	 and	 overaged	 samples,	 and	
microstructural	investigations	through	both	Scanning	and	Transmission	Electron	Microscopy	have	
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carried	 out	 in	 order	 to	 perform	 Optical	 Microscopy	 (OM)	 analyses,	 while	 Scanning	 Electron	
Microscopy	(SEM)	analyses	and	Energy	Dispersive	Spectroscopy	(EDS)	investigations	were	carried	
out	on	not-etched	samples.		
Once	 the	minimum	residual	Brinell	hardness	of	 the	alloy	has	been	determined	 through	
overaging	 curves,	 the	 interval	 between	 the	 maximum	 hardness	 value	 (characterizing	 the	 T83	
condition)	and	the	minimum	value	was	divided	into	6	equally	spaced	hardness	classes,	in	order	to	
study	the	variation	of	tensile	properties	due	to	thermal	exposure.	It	is	in	fact	widely	accepted	that	





treatments	 were	 performed	 on	 tensile	 specimens,	 the	 time-temperature	 parameters	 being	
selected	according	to	the	previous	overaging	results.	Room	temperature	tensile	tests	were	then	
carried	 out	 on	 both	 T83	 and	 overaged	 samples,	 using	 a	 screw	 tensile	 testing	 machine.	 Test	
parameters	and	geometry	of	samples	were	defined	according	to	EN	ISO	6892-1:	2009	standard;	










residual	 hardness	was	 confirmed	 by	 Brinell	 hardness	 tests,	 performed	on	 grip	 areas	 of	 tensile	
samples	after	testing.	
In	order	to	completely	describe	the	flow	behavior	at	room	temperature,	the	true	stress–
true	 strain	 (σ-ε)	 curves	 referring	 to	 different	 overaging	 conditions	 have	 been	 also	 modelled	
according	to	Hollomon’s	equation	[127]:	
	 | = ~Ä	
Eq.4.2:	 Hollomon’s	 law,	 representative	 of	 the	 behaviour	 of	 the	 alloy	 in	 the	 plastic	 field,	 when	 deformation	 occurs	 at	 room	
temperature.	
	















acquired	 on	 a	 JEOL	 JEM-2100F	microscope,	 operated	 at	 200kV.	 Samples	were	 imaged	 both	 in	




The	 as-received	 alloy	 was	 characterized	 both	 by	 OM	 and	 SEM-EDS	 investigations.	
Representative	OM	micrographs,	both	in	the	longitudinal	and	transverse	directions,	are	reported	






Fig.4.17:	 OM	micrographs	 of	 the	 T83	 AA2099,	 after	 chemical	 etching	 by	 Keller’s	 reagent:	 (a)	 longitudinal	 and	 (b)	 transverse	
directions.	
	






























relatively	 low	 in	 the	 automotive	 field;	 in	 fact,	 the	 high	 hardness	 value	 characterizing	 the	 T83	
condition,	equal	to	164HB,	is	immediately	lost	after	only	30	min	of	exposure	at	200°C.		













during	 long-term	 aging	 at	 85°C	 in	 case	 of	 high	 Li	 content	 (1.4	 wt%),	 due	 to	 precipitation	 of	
additional	 δ’	 phases.	 Ortiz	 et	 al.	 [154]	 confirmed	 however	 that	 tensile	 properties	 remain	
substantially	 stable	 up	 to	 1000h	 of	 exposure	 at	 83°C	 and	 135°C,	while	 a	 relevant	 decrease	 of	
strength	 is	detected	when	the	alloy	 is	exposed	to	177°C,	up	to	1000h;	the	same	observation	 is	
supported	 by	 Romios	 et	 al.	 [155]	 and	 Gao	 et	 al.	 [146],	 who	 considered	 the	 soaking	 at	 180°C	
responsible	for	overaging.	
A	 plateau	 of	 hardness,	 equal	 to	 about	 70HB	 is	 reached	when	 the	 2099	 alloy	 is	maintained	 at	
temperatures	equal	to	or	higher	than	260°C,	as	shown	in	Fig.4.19a.	Due	to	its	thermodynamically	


























































in	 the	 range	 of	 residual	 hardness	 investigated	 in	 this	 study.	 It	 should	 be	 underlined	 that	 the	
hardness	plateau	equal	to	70HB	is	reached	after	just	24h	at	305°C,	and	that	hardness	does	not	















that	 the	 T1	 phase,	which	 contains	 both	 Cu	 and	 Li,	 is	 the	main	 responsible	 for	 the	 remarkable	














order	 to	 combine	 chemical	 and	 morphological	 analyses	 and	 to	 clearly	 define	 the	 phases	 still	
present	 after	 overaging.	 It	 is	 worth	 pointing	 out	 that	 the	 EDS	 maps	 reveal	 the	 presence	 of	




























Based	 on	 the	 hardness	 interval	 determined	 by	 the	 overaging	 curves	 (roughly	 equal	 to	
100HB,	between	the	T83	condition	and	the	minimum	hardness	value	of	67HB,	which	is	reached	







Table	 4.8	 was	 added,	 reporting	 the	 numerical	 results	 of	 tensile	 tests	 on	 overaged	 AA2618	
specimens,	carried	out	by	Ceschini	et	al.	in	[30].	Even	if	AA2618	is	specifically	designed	to	resist	














164	(T83)	 No	overaging		 165		 619	(±7.2)	 635	(±	4.7)	 9.3	(±1.3)	
147	 6h	@	215°C	 150		 457	(±1.3)	 531	(±	5.1)	 8.1	(±1.7)	
129	 24h	@	215°C	 135		 379	(±2.1)	 447	(±2.0)	 11	(±2.4)	
112	 24h	@	245°C	 115		 263	(±8.2)	 388	(±3.3)	 16.6	(±1.5)	
93	 72h	@	245°C	 93		 194	(±4.2)	 329	(±3.1)	 18.9	(±3.3)	








142	(T6)	 No	overaging		 142		 365	 423	 4.1	
125	 24	@	200°C	 126		 317	 384	 5.8	
115	 10h	@	230°C	 116		 267	 353	 6.6	
105	 120h	@	230°C	 104		 218	 321	 6.6	
90	 3.5h	@	290°C	 90		 166	 279	 7.8	
80	 9h	@	305°C	 79	 121	 245	 10.2	


















in	 Fig.4.25b.	 According	 to	 the	 experimental	 data,	 the	 strain	 hardening	 exponent	 is	 constantly	
growing	 for	 lower	 residual	 hardness,	 while	 the	 strengthening	 coefficient	 exhibits	 an	 opposite	
trend;	both	n	and	K	follow	a	nearly	linear	function	of	residual	hardness.	The	opposite	trend	of	K	







values	 for	 the	 K	 coefficient).	 In	 agreement	 with	 recent	 researches	 by	 [146,167],	 T1	
precipitates	 in	 the	peak	aged	condition	consist	of	one	or	 two	unit	cells	only.	Above	the	
plastic	threshold,	the	fine	and	coherent	precipitates	are	sheared	by	dislocations	according	
to	 the	 Ashby’s	model	 [128],	 as	 reported	 in	 [168].	 However,	 these	 precipitates	 are	 not	
effective	one	 step	 further	 the	plastic	 field	has	been	 reached,	 since	precipitate	 shearing	
prevents	additional	dislocation	storage	and	strain	hardening	[168].	In	case	of	the	AA2099	
alloy,	given	the	almost	total	absence	of	secondary	phases	able	to	hinder	the	dislocations	










T1	precipitates	 thicken	and	their	spacing	 increases,	 it	 is	 reasonable	the	activation	of	by-
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Fig.4.26:	Actual	 true	stress-true	strain	curves	 (dashed	 lines)	compared	to	modelled	curves	 (solid	 lines).	The	 last	ones	have	been	













evidence	of	microstructural	 changes	 affecting	 the	 alloy	 behavior	 at	 different	 residual	 hardness	
values.	Low	magnification	SEM	micrograph	of	the	T83	sample	(Fig.4.27a)	highlights	the	presence	
of	shear	lips,	confirming	the	not	negligible	elongation	to	fracture	(about	9%)	reported	in	Table	4.7.	
High	 magnification	 SEM	micrographs	 of	 the	 same	 T83	 sample	 (Fig.4.27c)	 reveal	 a	 mixture	 of	



















slight	 overaging	 (peak-aged	 condition	 with	 additional	 48h	 at	 152°C)	 results	 in	 coarsened,	
discontinuous,	 large-spaced	 grain	 boundary	 phases,	 which	 can	 therefore	 relieve	 stress	
concentration	at	grain	boundaries,	improving	ductility.	The	observation	is	in	agreement	with	our	






heat	 treatable	 Al	 alloys,	 also	 AA2099	 undergoes	 coarsening	 of	 the	 strengthening	 precipitates	
during	high	 temperature	exposure,	which	 can	 considerably	 reduce	 its	 performance.	 This	 study	
assessed	the	effect	of	overaging	on	the	AA2099-T83,	in	the	range	200-305°C,	highlighting	that:	
• The	 lower	 the	hardness,	 the	 lower	 the	 tensile	 strength	of	 the	alloy.	To	provide	a	useful	













evaluate	 the	 suitability	 of	 the	 alloy	 for	 high	 temperature	 applications.	 Since	 the	 Al-Cu-Li	 alloy	















The	 lightweight,	 unconventional	 2055	 Al-Cu-Li-Ag	 alloy	 exhibits	 an	 excellent	 specific	
strength	 in	the	T83	state,	but	no	 literature	reports	the	effects	of	overaging	on	this	alloy.	 In	the	
present	work,	the	suitability	of	the	alloy	for	lightweight	components	operating	at	high	temperature	




or	 at	 least	 comparable	 to	 that	 of	 another	 third	 generation	 Al-Li	 alloy,	 AA2099,	 which	 is	
characterised	 by	 a	 slightly	 lower	 density	 and	 encouraging	 mechanical	 properties	 for	 high	









Recently	patented	by	Alcoa	 in	2012	 [170],	 the	AA2055	belongs	 to	 the	2xxx	 series	of	Al	
alloys,	 containing	Cu	 as	 the	major	 alloying	element.	 It	 is	 an	unconventional	 2xxx	 alloy,	 since	 it	
contains	a	considerable	amount	of	Li,	Zn,	Mg	and	Ag,	which	definitely	makes	it	one	of	the	most	
promising	candidates	of	the	third	generation	of	Al-Li	alloys.	As	widely	reported	in	[36,143,171],	the	
third	 generation	 of	 Al-Li	 alloys	 combines	 excellent	mechanical	 properties,	 high	 stiffness,	 good	
corrosion	resistance	and	fracture	toughness	with	very	low	density,	which	successfully	translates	












Among	 the	 other	 strengthening	 precipitates,	 δ’	 (Al3Li),	 ϑ’	 (Al2Cu)	 and	 S’	 (Al2CuMg)	 are	
commonly	observed	in	the	third	generation	of	Al-Cu-Li	alloys	[36,146,164].	δ’	precipitates	were	













150°C	were	 considered	 fundamental	 (due	 to	 aerodynamic	 heating).	 As	 a	 result,	 the	 effects	 of	
thermal	 exposure	on	Al-Cu-Li	 alloys	have	been	 commonly	 investigated	below	200°C,	 aiming	 to	
study	the	decay	of	properties	during	the	lifecycle	of	aerospace	components.	In	particular,	Davydov	
et	 al.	 [180]	 investigated	 the	 effects	 of	 exposure	 at	 85°C	 and	 95°C	 up	 to	 1000h	 and	 300h	
respectively,	 on	 both	 Al-Li-Mg-Sc-Zr	 and	 Al-Li-Cu-Sc-Zr	 alloys;	 similarly,	 Deschamps	 et	 al.	 [159]	
analysed	the	effects	of	 long	term	aging	at	85°C	on	Al-Cu-Li-Mg	alloys,	highlighting	the	superior	














Li	 alloys.	 Such	 investigations	 are	 needed	 to	 fully	 understand	 the	 relationship	 between	
microstructural	evolution	and	mechanical	properties	during	overaging.		
A	previous	study	by	the	authors	[37]	showed	the	high	potential	of	the	lightweight	AA2099	



















of	exposure),	 and	 several	 researches	have	 revealed	 the	 increased	 thermal	 stability,	mechanical	
properties	and	creep	resistance	of	Al-Cu-Mg	alloys	with	Ag	additions	[184,187–191].	







The	 present	 study	 aims	 to	 evaluate	 the	 effect	 of	 thermal	 exposure	 on	 the	 lightweight	
AA2055,	and	to	compare	the	achieved	results	with	the	encouraging	results	from	alloy	AA2099	[37].	
This	work	represents	a	preliminary,	yet	necessary	step,	to	verify	the	suitability	of	the	Al-Cu-Li-Ag	
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The	 effects	 of	 thermal	 exposure	 on	 the	 alloy	 properties	 were	 assessed	 through	 room	













The	 effect	 of	 overaging	was	 quantitatively	 evaluated	by	 considering	 the	 variation	 of	 RT	
tensile	properties	with	residual	hardness.	For	this	purpose,	the	residual	hardness	of	each	sample	
was	 measured	 after	 tensile	 tests,	 on	 its	 grip	 section.	 Brinell	 hardness	 tests	 were	 carried	 out	
according	 to	 the	 ASTM	 E	 10-08	 standard,	 using	 a	 hardened	 steel	 ball	 indenter	 with	 2.5mm	
diameter,	and	an	applied	load	equal	to	62.5kg.		
Tensile	 data	were	 further	 analyzed	 in	 order	 to	 go	 deeper	 into	 the	 determination	 of	 overaging	
effects.	 Since	 the	 difference	 in	 precipitate	 size	 generally	 translates	 into	 different	 dislocation-
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precipitate	 interaction	 (as	widely	 reported	 in	 [168,169]	with	 reference	 to	 T1	 precipitates),	 the	
determination	of	 the	 strain	hardening	 ability	 of	 the	 alloy	 in	 each	overaged	 condition	provided	




The	 strength	 coefficient	 K	 and	 the	 hardening	 coefficient	 n	 of	 the	 Hollomon’s	 equation	 were	
evaluated	according	to	ISO	10275:2007	standard,	taking	into	account	true stress-true strain	data	
between	2%	plastic	strain	and	the	percentage	plastic	extension	at	maximum	force	(Ag).	K	and	n	
values	 have	 been	 modelled	 as	 a	 function	 of	 the	 residual	 hardness	 of	 the	 tensile	 samples	 to	
highlight	the	influence	of	overaging.		
Scanning	Electron	Microscopy	(SEM)	analyses	with	secondary	electrons	were	also	performed	on	
the	 fracture	 surfaces	 of	 the	 tensile	 samples,	 after	 degreasing	 with	 acetone,	 highlighting	 the	
variation	of	the	fracture	mechanisms	with	increased	overaging.	
The	correct	 interpretation	of	 tensile	 tests	data	was	assured	by	 in-depth	microstructural	
investigations,	conducted	on	overaged	metallographic	samples	with	the	aim	to	precisely	relate	the	
changes	in	alloy	performance	to	the	microstructural	evolution.	For	this	purpose,	the	specimens	
were	mechanically	 ground	with	 SiC	 papers	 up	 to	 4000	 grit	 and	 finally	 polished	with	 down	 to	
0.05µm	colloidal	silica.	Scanning	Electron	Microscopy	and	Energy	Dispersive	Spectroscopy	(SEM-
























in	 the	present	alloy	 (most	probable	primary	Al2Cu),	whose	 size	 can	 reach	up	 to	10µm.	On	 the	






























Even	 after	 prolonged	 exposure	 at	 high	 temperatures,	 the	 T1	 particles	 mostly	 keep	 their	 base	
thickness	of	about	1nm	[37],	which	we	see	examples	of	after	24h	of	exposure	at	245°C.	The	phase	
can	however	also	thicken	to	multiple	layers	[172],	but	more	commonly	T1	precipitates	transform	











The	 EDS	 map	 in	 Fig.4.32	 supplements	 the	 STEM	 images	 by	 adding	 compositional	
information	about	the	particles	in	the	24	h-305	°C	condition.	Starting	from	the	top,	Cu	is	found	in	















between	 AA2055	 and	 AA2099	 can	 be	 drawn.	 In	 the	 T83	 condition,	 AA2055	 exhibits	 a	 higher	
amount	 of	 both	 T1	 and	 ϑ’	 phases.	 A	 large	 amount	 of	 δ’	 precipitates	 was	 indeed	 observed	 in	
AA2099,	sometimes	as	composite	precipitates	δ’-ϑ’-δ’	(in	agreement	with	[144,146,198]),	which	












Representative	 stress-strain	 engineering	 curves	 for	 each	 investigated	 condition	 are	
reported	in	Fig.4.33	and	provide	an	immediate	overview	of	the	overaging	effects:	the	more	severe	














No	overaging	 183	(T83)	 653	(±6.8)	 241.0	 680	(±	0.3)	 5.0	(±1.7)	
6h	@	215°C	 160	 506	(±5.7)	 186.7	 590	(±	4.4)	 5.5	(±1.2)	
24h	@	215°C	 145	 404	(±6.3)	 149.1	 518	(±4.2)	 5.8	(±0.8)	
24h	@	245°C	 112	 260	(±6.3)	 95.9	 404	(±15.5)	 7.7	(±0.4)	
72h	@	245°C	 93	 189	(±7.6)	 69.7	 330	(±15.2)	 11.6	(±0.7)	


































condition,	 consistently	 with	 the	 microstructural	 evolution	 highlighted	 in	 the	 previous	 section.	
Compared	 to	 the	 T83	 condition,	 the	most	 severely	 overaged	 samples	 experience	 a	 substantial	
reduction	of	Rm	and	Rp0.2	(-58%	and	-79%	respectively),	together	with	a	considerable	increase	of	
elongation	to	failure	(up	to	+150%).	Fig.4.34b	shows	the	actual	values	of	Rm	and	Rp0.2	as	a	function	
of	 residual	 hardness	 for	 each	 tested	 sample.	 Both	 Fig.4.34a	 and	 Fig.4.34b	 reveal	 an	 extensive	
decrease	of	tensile	properties	while	moving	from	the	24h	–	215°C	to	the	24h	–	245°C	condition,	
the	latter	being	encircled	in	red;	such	tensile	data	come	along	a	significant	decrease	in	the	alloy	
residual	 hardness	 (-33HB).	 The	 softening	 is	 supported	 by	 the	 remarkable	 variation	 in	
microstructural	 features	 occurring	 after	 24h	 at	 245°C	 (Fig.4.31e),	 which	 mainly	 consists	 in	 a	
reduction	of	T1	volume	fraction.	In	agreement	with	Li	et	al.	[145]	and	Deschamps	et	al.	[159],	T1	
precipitates	contribute	to	the	major	strengthening	effect	compared	to	ϑ’,	S’	or	δ’.	
It	 is	 also	 worth	 noticing	 that,	 in	 the	 T83	 condition	 (characterized	 by	 183	 HB),	 the	 difference	













and	 strain	hardening	exponent	n	with	 residual	hardness	has	been	 investigated	and	polynomial	
functions	have	been	chosen	to	correctly	 fit	 the	experimental	data,	as	 reported	 in	Fig.4.35.	The	
following	 Hollomon’s	 relationship	 was	 obtained	 (Eq.4.6),	 and	 the	 accuracy	 of	 K	 and	 n	
determination	is	demonstrated	by	the	correct	match	between	actual	and	modelled	data	reported	
in	Fig.4.35b.	








overaging,	 however,	 the	 coarsening	 of	 precipitates	 (highlighted	 both	 in	 Fig.4.31	 and	 Fig.4.32)	
induces	 a	 shift	 from	 Ashby	 to	 Orowan	 interaction	 between	 dislocations	 and	 precipitates.	 As	
reported	 in	 [168],	 precipitates	 by-passing	 produces	 the	 storage	 of	 dislocation	 in	 the	 form	 of	
Orowan	loops,	increasing	the	strain	hardening	capability	of	the	alloy.		
The	analysis	through	Hollomon’s	equation	highlights	that	a	substantial	decrease	in	the	strength	













the	 latter	 areas	marked	 the	 interface	with	 the	 coarse	 secondary	phases	 in	 the	original	 sample	
(Fig.4.29b,c).	 The	 fracture	 surface	 is	 consistent	 with	 the	 limited	 elongation	 to	 fracture	 (5%)	
characterizing	the	peak-aged	sample	(Table	4.11).	A	slight	change	both	in	At%	(5.8%),	in	the	tensile	
properties	 and	 in	 the	 fracture	 surface	 (Fig.4.36b)	 is	 observable	 in	 the	 24h	 –	 215°C	 overaged	
sample:	fine	dimples	in	fact	cover	a	wider	portion,	revealing	an	increased	plasticity;	moreover,	the	
sharp	 contours	 are	 smoothed	by	 plastic	 deformation	burrs.	 The	 trend	 continues	while	moving	
towards	the	24h	–	245°C	condition	(Fig.4.36c),	up	to	the	most	overaged	24h	–	305°C	(Fig.4.36d).	
In	the	latter,	the	dimples	cover	the	whole	surface	and	it	is	not	possible	to	distinguish	the	original	
location	of	 the	 secondary	phases.	 It	 is	evident	 that,	due	 to	prolonged	overaging,	 the	Al	matrix	


































No	overaging	 165		 619	(±7.2)	 235.4	 635	(±	4.7)	 9.3	(±1.3)	
6h	@	215°C	 150		 457	(±1.3)	 173.8	 531	(±	5.1)	 8.1	(±1.7)	
24h	@	215°C	 135		 379	(±2.1)	 144.1	 447	(±2.0)	 11	(±2.4)	
24h	@	245°C	 115		 263	(±8.2)	 100.0	 388	(±3.3)	 16.6	(±1.5)	
72h	@	245°C	 93		 194	(±4.2)	 73.8	 329	(±3.1)	 18.9	(±3.3)	
24h	@	305°C	 75		 120	(±3.7)	 45.6	 266	(±9.2)	 20.7	(±1.7)	
	











however	 considerably	 lowered	 in	 volume	 fraction	 with	 respect	 to	 the	 T83	 state,	 favoring	 Ω	
















































• In	 the	most	severe	overaging	condition	currently	 investigated	(T83	+	24h	at	305°C),	 the	
alloy	performance	is	considerably	reduced	compared	to	the	peak	hardness	condition.	The	
microstructure	 exhibits	 several	 coarse	 ϑ’	 and	 Ω	 precipitates,	 the	 latter	 formed	 and	
coarsened	at	the	expenses	of	T1.	No	T1	phases	were	detected	in	this	overaging	state.	In	this	


























of	mechanical	 properties	 occurring	 in	 a	 component	 operating	 at	 high	 temperature.	 At	 200°C,	
AA2099	alloy	shows	equivalent	or	superior	performance	compared	to	AA2055,	therefore	it	exhibits	
advantages	 in	 terms	 of	 specific	 strength	 due	 to	 its	 lower	 density;	 T1	 precipitates,	 dominating	
AA2099	after	overaging,	are	considered	to	provide	effective	strengthening.	The	reverse	occurs	at	










density	 while	 increasing	 Young’s	 elastic	 modulus	 [35,36,171],	 these	 alloys	 exhibit	 low	 density	
(2.63g/cm3	and	2.71g/cm3	respectively	[182,183])	combined	with	excellent	mechanical	properties,	








Like	 Li,	Cu	additions	provide	both	 solid	 solution	 strengthening	and	precipitation	 strengthening,	
since	Cu	 is	 involved	 in	 the	 formation	of	 T1	 (Al2CuLi)	 and	ϑ’	 (Al2Cu)	precipitates.	 T1	 precipitates	






two	key	 issues	 to	enhance	Al-Cu-Li	 alloys	performance.	Moreover,	 specific	amounts	of	alloying	









or	minor	elements	additions	are	available	 in	 literature	 [148,176,192,198,204–207].	Focusing	 in	






Cu/Li	 ratio	alloy	 (AA2198);	moreover,	T1	nucleation	exhibits	a	 lower	 incubation	time	 in	AA2198	
alloy,	providing	a	higher	amount	of	T1	precipitates	compared	to	AA2196.	This	characteristic	also	
turns	 into	 a	 slower	 coarsening	 rate	 and	dissolution	 time	of	 T1	 phases	 in	AA2196	 compared	 to	
AA2198	alloy	during	overaging	(as	highlighted	in	[38]	for	AA2099	and	AA2055	respectively).	
Data	are	further	confirmed	by	Khan	et	al.	[206],	who	focused	the	attention	on	two	Al-Cu-Li	alloys,	
plus	Mg	additions	and	Mg+Ag	additions.	The	addition	of	 the	 solely	Mg	 (similarly	 to	2099)	was	
found	to	retard	the	formation	of	GP	zones	and	consequently	ϑ’	precipitates	formation	in	the	silver-
free	alloy,	providing	the	presence	of	δ’,	T1	and	curved-shaped	S’	precipitates	(Al2CuMg)	in	the	peak-
aged	 condition.	 In	 the	 Al-Cu-Li	 alloy	 with	 Mg+Ag	 additions	 (similarly	 to	 2055),	 however,	 the	
formation	of	Ag-Mg	and	Ag-Li	co-clusters	was	favored,	reducing	the	amount	of	Li	and	Mg	available	










temperatures.	 A	 few	 of	 these	 researches	 are	 focused	 on	 the	 study/optimization	 of	 aging	
treatments,	 therefore	 often	 incur	 in	 overaging	 [146,152,155,176];	 most	 of	 them,	 however,	 is	
focused	on	the	effects	of	long	term	aging	at	low	temperature	[154,159,176,180,181,200],	which	
occurs	during	 the	 lifecycle	of	aerospace	components	due	 to	aerodynamic	heating.	All	of	 these	
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studies	 agree	on	 the	poor	 thermal	 stability	of	δ’	precipitates.	 In	particular,	 Katsikis	 et	 al.	 [200]	
investigated	thermal	exposure	at	70°C	up	to	1000	h,	Deschamps	et	al.	[159]	analyzed	the	effects	
of	long	term	aging	at	85°C	up	to	3000h,	Davydov	et	al.	[180]	focused	on	the	effects	of	soaking	at	










200-300°C	 were	 systematically	 studied	 by	 the	 authors	 [37,38],	 through	 both	 SEM	 and	 STEM	
microstructural	 investigations	 and	 room	 temperature	 tensile	 tests	 after	 thermal	 exposure.	 The	
results	 of	 overaging	 tests	 seem	 promising,	 however	 mechanical	 testing	 at	 the	 operating	
temperature	of	interest	is	required	to	completely	evaluate	the	possibility	to	expand	the	range	of	
application	of	AA2099	and	AA2055	at	high	temperature,	or	 to	determine	 if	one	of	 these	alloys	
should	be	preferentially	adopted	at	high	temperature.	The	present	paper	aims	to	fill	this	gap	and	
deals	 therefore	with	 tensile	 tests	 at	200°C	and	250°C	of	both	AA2099	and	AA2055	alloys.	 The	
results	 have	 been	 compared	 and	 discussed,	with	 the	 aim	 to	 link	 the	 difference	 in	mechanical	




Both	 AA2099	 and	 AA2055	 Al-Cu-Li	 alloys	were	 provided	 by	 Alcoa	 in	 the	 T83	 condition	
(solution	treatment,	quenching,	3%	stretching	at	room	temperature,	followed	by	artificial	aging),	
in	the	form	of	extruded	bars	with	85	and	120mm	diameter	respectively.	The	chemical	composition	









Alloy	 Cu	 Li	 Zn	 Mn	 Mg	 Ti	 Zr	 Fe	 Ag	 Al	
2099	 2.4-3.0	 1.6-2.0	 0.4-1.0	 0.1-0.5	 0.1-0.5	 0.1	 0.05-0.12	 0.07	 /	 Bal.	
2055	 3.2-4.2	 1.0-1.3	 0.3-0.7	 0.1-0.5	 0.2-0.6	 0.1	 0.05-0.15	 0.1	 0.2-0.7	 Bal.	
	
Aiming	to	evaluate	the	suitability	of	these	alloys	for	high	temperature	applications,	tensile	
tests	 have	 been	 carried	 out	 at	 200°C	 and	 250°C,	 in	 slightly,	 middle	 and	 extremely	 overaged	
conditions.	 It	 is	 in	fact	widely	known	that	heat	treated	Al	alloys,	when	exposed	at	temperature	
above	 200°C	 or	more,	 undergo	 overaging.	 The	 phenomenon	 consists	 in	 a	 diffusion-controlled	
coarsening	 of	 strengthening	 precipitates,	 which	 finally	 lose	 their	 coherency	 with	 Al	 matrix,	
resulting	in	loss	of	strength	both	at	room	and	high	temperature.	The	variation	of	hardness	during	
overaging	treatments	is	able	to	keep	track	of	these	microstructural	changes	and	to	quantify	their	
effects	 in	 terms	 of	 degradation	 of	 mechanical	 properties.	 In	 previous	 studies	 by	 the	 authors	
[37,38],	 a	 relationship	 between	 residual	 hardness	 and	 residual	 tensile	 properties	 at	 room	






following	 overaging	 heat	 treatments	 which	 are	 considered	 suitable	 to	 study	 the	 mechanical	
properties	of	a	component	operating	up	to	300°C:	(i)	6h	at	215°C,	(ii)	24h	at	215°C,	(iii)	24h	at	
245°C,	(iv)	72h	at	245°C,	(v)	24h	at	305°C.	Previous	studies	by	the	authors	[37,38]	confirm	that	
these	 overaging	 conditions	 are	 able	 to	 produce	 classes	 of	 residual	 hardness	 evenly	 spaced	
between	 the	 typical	T83	hardness	and	 the	minimum	residual	hardness	detected	at	305°C,	and	
report	the	related	variation	of	RT	tensile	properties.		
In	particular,	 at	 least	2	 specimens	were	 tested	 for	each	combination	of	alloy	 (2099-2055),	 test	
temperature	(200°C-250°C),	and	overaging	condition	(from	6h@215°C,	up	to	24h@305°C).	The	


















of	 both	 overaging	 treatment	 and	 soaking	 at	 the	 specified	 temperature	 during	 tensile	 tests,	
therefore	they	are	not	directly	comparable	with	hardness	values	reported	in	[37,38]	after	the	solely	
overaging	treatment.	
























the	 tensile	 curves	at	200°C	 seem	overlapping	 in	 terms	of	 yield	 strength,	while	 the	variation	of	
tensile	properties	increases	in	the	middle	overaged	condition	(24h	at	245°C),	showing	the	benefits	




is	perceivable	 in	all	 the	 investigated	conditions,	due	to	the	higher	amount	of	coarse	secondary	
phases	(Al-Cu	based	particles	in	addition	to	Al-Cu-Fe-Mn	dispersoids,	as	highlighted	in	[38]).	
Slightly,	 middle	 and	 extremely	 overaged	 conditions	 are	 separately	 analyzed	 in	 the	




alloy	 shows	 considerably	 higher	 residual	 hardness,	 which	 is	 however	 not	 supported	 by	
considerably	 higher	 tensile	 properties	 at	 200°C.	 This	 characteristic	 unequivocally	 shows	 the	
potentiality	 of	 a	 higher	 Li	 content	 (characterizing	 AA2099)	 in	 solid	 solution	 strengthening	 and	
above	all	of	Li-based	δ’	and	T1	precipitates	in	enhancing	both	Rp	and	UTS,	even	at	high	temperature.	
With	 reference	 to	 [37],	 in	 fact,	 AA2099	 residual	 hardness	 falls	 in	 between	 the	 range	
characterizing	 T83	 and	 T83	 +	 24h	 @245°C	 conditions,	 investigated	 through	 STEM	 analyses	















besides	moderately	 coarsened	T1	phases	and	a	 significantly	 reduced	amount	of	δ’	 and	δ’-ϑ’-δ’	
composite	precipitates.		
As	 regards	 AA2055	 alloy,	 the	 references	 for	 microstructural	 evolution	 are	 STEM	
investigations	on	AA2055	alloy	in	the	T83	–	T83	+24h	@245°C	[38],	reported	in	Fig.4.31	(a),	(d)	and	
(b),	(e).	Differently	from	T83	AA2099,	which	contains	a	huge	amount	of	both	δ’,	ϑ’,	S	and	T1	phases,	
the	 AA2055	 in	 the	 T83	 condition	 is	 characterized	 by	 the	 presence	 of	 a	 high	 amount	 of	 finely	
dispersed	T1	phases,	ϑ’	streaks	and	tiny,	curved	S	precipitates.	It	should	be	pointed	out	that	no	δ’	






towards	 a	 considerably	 reduced	 amount	 of	 coarsened	 T1	 phases,	 thicker	 ϑ’	 phases	 and	 an	
increasing	 amount	 of	 Ω	 phases.	 In	 agreement	with	 Bai	 et	 al.	 [185],	 in	 Al-Cu-Mg-Ag	 alloys	 the	
competitive	precipitation	of	Ω	and	ϑ’	phase	occurs,	 the	former	being	characterized	by	weakest	
precipitation	kinetics	and	being	therefore	disadvantaged.	The	semi-coherent	Ω	phase	is	however	







(see	 arrows	 in	 Fig.4.40a),	 in	 agreement	 with	 [38].	 The	 drop	 in	 hardness	 is	 accompanied	 by	
considerably	 lower	 tensile	 properties	 than	 those	 exhibited	 by	 AA2099	 at	 the	 same	 overaging	
conditions.	The	different	tensile	properties	are	driven	by	the	substantial	difference	in	the	alloys	










It	 is	 interesting	to	underline	that,	under	the	same	overaged	condition,	 the	difference	 in	tensile	
















soaking	at	215°C	before	 tensile	 tests)	 is	 thought	 to	be	mainly	 related	 to	 the	dissolution	of	 the	
strengthening	δ’,	δ’-ϑ’-δ’	and	S	phases.	As	explained	in	the	“Material	and	methods”	Sect.,	at	least	
2h	of	 soaking	at	high	 temperature	was	 required	 for	each	 tensile	 test	 to	 reach	a	homogeneous	
temperature	field,	equal	to	the	test	temperature	in	the	sample	center.	The	residual	hardness	of	
each	 AA2099	 sample	 tested	 at	 250°C	 appears	 lower	 than	 120HV1,	 roughly	 characterizing	 the	












characterizing	 AA2055	 and	 AA2099	 alloys	 in	 the	 fully	 overaged	 condition.	 In	 agreement	 with	
[184,189],	it	is	the	semi-coherent	Ω	phase	to	exhibit	a	greater	strengthening	ability	compared	to	
the	ϑ’	phase.	




the	steep	 linear	regression	reported	 in	Fig.4.41a,	(slope	coefficient	≈	2,98	MPa/HV1);	the	 linear	
regression	 slope	 is	 considerably	 reduced	when	 the	 test	 temperature	 is	 increased	 up	 to	 250°C	
(slope	coefficient	≈	1,07	MPa/HV1),	indicating	that	overaging	plays	a	much	minor	role	than	what	




A	 slightly	 different	 behavior	 is	 exhibited	 by	 the	 Al-Cu-Li-Ag	 alloy	 (Fig.4.41b):	 at	 200°C,	
AA2055	 specimens	 show	 a	 lower	 variation	 of	 tensile	 properties	 with	 residual	 hardness,	 as	
confirmed	by	the	lower	slope	of	linear	regression	(slope	coefficient	≈	2,37	MPa/HV1);	at	the	same	
time,	when	 tested	 at	 250°C,	 a	 certain	 slope	 is	maintained	 (slope	 coefficient	 ≈	 1,36	MPa/HV1),	
indicating	that	the	interaction	between	dislocations	and	precipitates	continues	to	change	due	to	



























and	 S	 phases	 are	 still	 reinforcing	 AA2099	 matrix	 besides	 T1,	 and	 provide	 effective	
strengthening	 at	 200°C.	 In	 the	 middle	 overaged	 condition,	 AA2099	 microstructure	 is	
dominated	 by	 coarsened	 but	 uniformly	 distributed	 T1	 precipitates,	which	 are	 therefore	
found	effective	in	obstructing	dislocation	movements	at	200°C,	more	than	ϑ’	and	Ω	phases	






substantial	 coarsening	 of	 T1	 precipitates,	which	 become	 less	 effective.	 Even	 taking	 into	
account	the	higher	density,	AA2055	always	shows	a	superior	specific	strength,	highlighting	











reference	since	 it	 is	massively	used	for	both	cast	and	forged	automotive	pistons.	 In	addition	to	
approximatively	12wt%	Si,	it	contains	up	to	1wt%	Ni,	Cu,	Mg	and	it	is	mainly	strengthened	by	β-
Mg2Si,	besides	ϑ-Al2Cu	phases	and	Cu-Ni	based	aluminides.	
Significant	 improvements	 in	 terms	 of	 residual	 hardness	 after	 thermal	 exposure	were	 achieved	
thanks	to	a	higher	Cu	content,	up	to	3.5wt%,	in	the	abovementioned	eutectic	AA4032	alloy	(whose	
density	 increases	up	 to	2.77g/cm3).	Correspondingly,	 the	 tensile	properties	after	overaging	are	
supposed	to	be	significantly	enhanced,	in	agreement	with	many	literature	reviews	reporting	the	
effectiveness	of	Cu	in	increasing	Al	alloys	resistance.	




















of	 Zr	 content	 being	 set	 by	 the	maximum	 amount	 which	 is	 retainable	 in	 solid	 solution	 during	
conventional	 casting,	 while	 avoiding	 the	 pro-peritectic	 precipitation	 of	 primary	 trialuminides.	
Regardless	 of	 the	 Zr	 content,	 the	 overaging	 curves	 of	 base	 AA2618	 and	 AA2618+Zr	 were	
superimposed	(thus	only	AA2618	overaging	curves	are	reported	in	Fig.iv),	and	no	positive	results	
were	 achieved	 by	 the	 heat	 treatment	 adjustments,	 which	 were	 aimed	 to	 stimulate	 the	
homogeneous	formation	of	fine	Al3Zr	dispersoids.	Nevertheless,	the	simple	Zr	addition	in	AA2618	
alloy,	at	 the	same	heat	 treatment	 industrially	performed,	showed	beneficial	effects	 in	 terms	of	
alloy	strength:	the	tensile	tests	performed	at	both	RT	and	250°C	on	specimens	overaged	for	48h	
at	250°C	(residual	hardness	≈	100HB)	revealed	the	superior	performance	of	Zr	enriched	AA2618.	
Finally,	 the	 unconventional	 Al-Cu-Li(-Ag)	 alloys	 AA2099	 and	 AA2055	 were	 investigated.	



























Even	 if	 the	 benefits	 of	 the	 low	 density	 of	 AA2099	 are	 evident	 at	 RT,	 it	 can	 be	 inferred	 that	
AA2618+Zr	exhibits	the	most	promising	strength-to-weight	ratio	in	case	the	operating	temperature	
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thanks	 to	 the	cooperation	among	Ferrari	Auto	S.p.A.	 (Dept.	of	Powertrain	Development),	 Fluid	
Machinery	Research	Group	-	Unibo	and	Metallurgy	Research	Group	 -	Unibo,	which	 is	 aimed	at	
modelling	and	real-time	controlling	knock-induced	damage	on	aluminium	forged	pistons.	The	final	
target	 is	 to	 develop	 an	 on-board	 spark	 advance	 controller,	 able	 to	 push	 the	 limits	 of	 engine	
calibration	 towards	 the	 maximum	 efficiency,	 while	 safeguarding	 components	 functionality.	 As	
mentioned	 in	 the	 General	 Introduction	 Sect.,	 the	 context	 of	 this	 project	 is	 the	 never-ending	
research	 aimed	 to	 increase	 the	 efficiency	 of	 ICEs,	 due	 to	 the	 growing	 concerns	 on	 global	
environmental	protection.	Against	this	background,	 it	 is	even	more	challenging	the	scenario	for	




to	 reduce	 fuel	 consumption	 usually	 produce	 more	 favourable	 knocking	 conditions	 inside	 the	
combustion	chamber.	Knock	has	always	been	considered	detrimental	for	engine	life,	however	a	









Dept.	 –	 Ferrari	 Auto	 S.p.A.	 was	 fundamental	 to	 both	 acquire	 data	 and	 provide	 a	 correct	
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identify	 the	 relationship	 between	 engine	 calibration	 parameters	 and	 knocking	 damage,	 in	

































• Volumetric	 efficiency	 (ηvol),	 inlet	 air	 density	 (ρa,i),	 engine	 capacity	 (Vd,	 Ncyl),	 which	
contribute	 to	 the	 targeted	 engine	 performance.	 All	 of	 these	 factors	 have	 a	 substantial	
influence	on	engine	power	but	do	not	affect	fuel	consumption,	hence	will	not	be	further	
analysed.	 It	 is	 also	worth	mentioning	 that	 the	 today	 trend	 is	 to	 considerably	 favour	 an	












• Efficiency	 related	 to	 thermal	heat	 exchange,	 intended	as	100%	 in	 the	 ideal	 case	of	 the	
adiabatic	combustion	chamber.	
Thermodynamic	efficiency	
The	 formula	 of	 thermodynamic	 efficiency	 can	 be	 determined	 from	 a	 thermodynamic	
analysis	of	the	indicating	engine	cycle,	under	the	assumption	that	the	spark-ignition	combustion	
process	 can	 be	 represented	 by	 the	 well	 known	 Otto	 cycle,	 considering	 the	 compression	 and	




ratio	 =	 V5/V4	=	 V2/V3,	 and	 indicating	 as	 γ	 =	 Cp/Cv	 the	 ratio	 between	 heat	 capacity	 at	 constant	
pressure	 and	 heat	 capacity	 at	 constant	 volume,	 the	 thermodynamic	 efficiency	 ηth	 is	 given	 by	
Eq.5.2.	This	distinctly	highlights	that	ηth	strictly	depends	on	the	compression	ratio.	









their	 efficiency	 and	 emissions	 at	 any	 given	 load	 and	 speed,	 since	 the	 trigger	 of	 combustion	
determines	the	combustion	centre	of	gravity	and,	as	a	consequence,	the	peak	cylinder	pressure.	



















Pumping	 losses	 are	 of	 course	 undesirable,	 since	 they	 produce	 a	 negative	 work	 of	 the	
indicating	 cycle.	 The	 chemical	 efficiency	 is	 related	 to	 the	 fuel	 complete	 combustion	 and	 it	 is	
enhanced	by	 fuel	 homogeneous	distribution	 inside	 the	 combustion	 chamber	 and	 fuel/air	 ratio	
equal	to	the	stoichiometric	ratio.	Heat	exchange	from	the	combustion	chamber	towards	pistons,	
engine	 crankshaft,	 engine	 head	 and	 engine	 coolant	 is	 unavoidable	 and	 necessary	 to	 both	





1. Higher	 compression	 ratio*	 [6–8],	 which	 allows	 a	 higher	 thermodynamic	 efficiency	 as	
previously	mentioned.	






















have	 been	 considered	 of	 concern	 because,	 when	 severe,	 they	 can	 cause	 detrimental	 engine	
damage.	 The	 traditional	 philosophy	 that	 all	 abnormal	 combustions	 are	 damaging	 has	 caused	
engine	manufacturers	and	calibration	engineers	to	operate	with	extremely	 large	safety	margins	
[19].	The	today	aim	is,	in	fact,	to	attain	the	maximum	thermal	efficiency	while	absolutely	avoiding	
knock	 [8].	 A	 distinction	 should	 be	made,	 however,	 between	 two	 completely	 different	 types	 of	
abnormal	combustions,	namely	knock	and	pre-ignition,	which	are	visually	reported	in	Fig.5.3.		













































propagation	 compresses	 the	 end	 unburned	 gas	 to	 auto-ignition.	 Several	 recent	 studies	
[8,13,16,21],	many	of	which	with	high	speed	direct	photography	and	pressure	acquisition,	confirm	
in	 fact	 the	 theory	 of	 auto-ignition	 of	 the	 end-gas	 as	 the	 trigger	 for	 knock,	 and	 underline	 the	
substantial	impact	of	the	initial	conditions	(pressure	and	temperature)	on	knocking	development.	
In	particular,	pressure	at	spark	timing	plays	a	key	role,	determining	almost	entirely	the	temperature	
and	pressure	 conditions	 in	 the	end	gas	 regions	at	 the	onset	of	 knock	and	 thus	 controlling	 the	
chemical	reactivity	of	the	mixture;	compression	ratio	has	a	lower	influence.		
Towards	light	knock	acceptance	
As	 highlighted	 in	 Sect.5.1,	 knock	 is	 an	 inherent	 constraint	 on	 engine	 performance	 and	
efficiency,	because	it	limits	the	today	main	strategies	aimed	to	boost	fuel	economy.	Since	the	term	
“knock”	 is	 still	 deeply	 related	 to	 unfavourable	 consequences,	 the	 current	 guideline	 in	 engine	
calibration	is	that	knock	must	be	totally	and	carefully	avoided	[11],	even	if	the	strategies	to	prevent	
knock	(namely	to	decrease	the	compression	ratio,	to	retard	the	spark	timing,	to	use	cooled	Exhaust	
Gas	 Recirculation	 [8,11,16])	 strongly	 penalise	 engine	 efficiency.	 This	 trend	 clearly	 explain	 why	
several	 recent	 research	activities	are	 indeed	 focused	on	the	signals	and	methodologies	able	 to	
precisely	 detect	 the	 knocking	 combustion	modes	 (such	 as	 in-cylinder	 pressure	 analysis	 [9,11],	
optical	 investigations	 [6,7,11,17],	 engine	 block	 vibration	 [11],	 exhaust	 gas	 temperature	 [11]),	
rather	than	deeply	understanding	the	mechanisms	of	knock	damage.	
However,	 as	 already	 hypothesized	 by	 Nates	 et	 al.	 in	 the	 ‘90s	 [8,19,23–25],	 only	 when	
exceeding	a	certain	threshold	knock	compromises	engine	functionality,	and	the	threshold	depends	









• the	 orange	 line	 represents	 a	 potential	 new	 operating	 point	 for	 the	 engine,	 which	
guarantees	a	considerably	reduced	fuel	consumption,	at	the	expenses	of	increased	knock	
probability.	Its	consequences	on	engine	durability	are	however	unexplored.		










considered:	 knock	 is	 an	 “autocatalytic”	phenomenon	which,	unless	 rapidly	extinguished,	might	
grow	in	intensity,	as	confirmed	by	the	actual	experimental	points	reported	in	Fig.5.5:	the	red	line	
indicating	MAPO	 intensity	 shows	 a	 steep	 increase	 over	 a	 certain	 level.	 The	 consequence	 is	 a	














firing	 pressure	 compared	 to	 normal	 combustions,	 which	 results	 in	 exceptionally	 high	 thermo-
mechanical	stresses	on	combustion	chamber	components.	Every	pre-ignition	overheats	the	hot	
surface	due	to	the	early	combustion,	resulting	in	a	higher	pre-ignition	probability	for	the	next	cycle;	












• Rupture	of	 spark-plug	electrode	or	ceramic	 insulator	due	 to	 thermal	 shock	 (Fig.5.6).	 In	 this	
case,	 usually	 spark	 leaks	 can	 be	 observed,	 indicating	 reduced	 spark	 plug	 functionality.	
Aluminum	deposits	coming	from	pistons	are	usually	observed,	while	melting	of	the	electrodes	











• Piston	 seizure	 (Fig.5.8)	 and	 cylinder	 liners	 damage,	 consequence	 of	 piston	 seizure.	 The	
insufficient	 clearance	 between	 the	 matching	 surfaces	 and	 the	 resulting	 friction	 further	













































Even	 if	 the	 last	 catastrophic	 failures	are	 traditionally	attributed	 to	knock,	 these	are	not	merely	



























10	 bench	 tests	 under	 different	 engine	 operating	 points	 and	 to	 investigate	 the	
consequences	of	each	single	engine	parameter	variation.	It	also	reports	the	characteristics	
of	 Al	 pistons	 investigated	 and	 the	 main	 techniques	 which	 were	 implemented	 to	
characterize	the	knock	damage.	
• Sect.6.2	collects	the	main	results	in	terms	of	pistons	damage	characterization.	The	whole	
Sect.	 is	 an	 extract	 from	 the	 published	 paper	 “Knock	 induced	 erosion	 on	 Al	 pistons:	









































S.p.A.	 as	 later	 mentioned).	 In	 order	 to	 define	 and	 catalogue	 the	 damage	 caused	 by	 various	
knocking	intensities	and	frequencies,	during	bench	tests	at	Unibo	the	spark	advance	of	each	single	
cylinder	 was	 separately	 controlled	 by	 a	 rapid	 control	 prototyping	 system	 (Miracle®	 by	 Alma	
Automotive),	replacing	Eldor	ECU.		 For	the	majority	of	the	tests,	the	desired	knocking	levels	have	
been	 defined	 in	 terms	 of	 target	 percentile	 values	 for	MAPO	 parameter	 (Eq.5.3)	 and	 achieved	
thanks	 to	 a	 Proportional-Integral-Derivative	 (PID)	 controller.	 In	 specific,	 a	 real-time	 indicating	
system	(OBI,	On-Board	Indicating®	by	Alma	Automotive)	communicates	via	CAN-bus	(Controller	




infrastructure	 that	allows,	 for	every	 cylinder,	 cycle-by-cycle	 spark	advance	 control.	As	 it	 is	 very	
difficult	 to	 instantaneously	 control	 a	 desired	 knock	 level	 due	 to	 the	 stochastic	 nature	 of	 the	
phenomenon,	SA	corrections	are	small	and	relatively	unaggressive,	typical	of	a	PID	control	logic.	





















The	aim	of	 this	preliminary	 test	was	 to	generate	high	knocking	damage	and	 to	preliminary	
determine	suitable	techniques	to	detect	damage.	The	output	of	this	activity	has	been	reported	
in	ref.	[26],	and	will	not	be	further	mentioned	in	this	dissertation.		




These	bench	 tests	at	 first	allowed	 to	gain	a	broader	understanding	of	knocking	damage	on	
pistons,	highlighting	that	also	the	temporal	distance	between	knocking	combustions	should	be	








WOT	 was	 investigated,	 the	 intake	 manifold	 pressure	 being	 equal	 to	 2300	 mbar	 and	 the	
normalized	air-to-fuel	ratio	λ	equal	to	0.73.	In	order	to	further	investigate	on	the	relationship	
between	knocking	damage	–	knock	 intensity	 (MAPO)	–	pressure	at	 knock	onset,	 fuels	with	







• Bench	test	#10-#11	have	been	carried	out	at	Unibo	at	6000	rpm	WOT,	 the	 intake	manifold	
pressure	being	equal	to	2200	mbar	and	the	normalized	air-to-fuel	ratio	λ	equal	to	0.79.	During	
these	 last	bench	 tests,	 the	damage	model	 implemented	by	 the	Fluid	Machinery	Dept.	was	









Element	 Si	 Cu	 Mg	 Ni	 Fe	 Mn	 Ti	 Zn	 Zr	 V	 Al	
[wt%]	 11.87	 2.93	 0.76	 2.25	 0.24	 0.08	 0.05	 0.05	 0.01	 0.01	 Bal.	
	
The	 alloy	 has	 been	 widely	 described	 in	 Sect.1.2	 and	 subjected	 to	 heat	 treatment	
optimization	and	chemical	modifications	during	Ph.D.	activities	as	reported	in	Sect.3.2.		
The	 starting	 material	 was	 characterised	 by	 an	 average	 hardness	 equal	 to	 120	 HB.	 The	 heat	





• an	anodized	 layer,	 starting	 from	the	 lowest	part	of	 the	 top	 land	up	 to	 the	 relief	groove	
below	the	1st	ring	groove,	as	clearly	indicated	in	blue	both	in	Fig.6.3a	and	Fig.6.3b.	Given	





















hardness	 scales.	 Each	 data	 point	 of	 the	 overaging	 curves	 (namely	 each	 time-temperature	
combination)	 represents	 the	 average	 of	 6	 Brinell	 hardness	 measurements	 or	 6	 micro-Vickers	
hardness	measurements.	
The	 overaging	 curves	 are	 reported	 in	 Fig.6.4a	 in	 HB	 scale.	 It	 is	 worth	 highlighting	 that	
prolonged	 exposure	 at	 temperatures	 higher	 than	 250°C	 lead	 to	 the	 same	 plateau	 of	 residual	
hardness	(67÷65	HB).	Both	Brinell	hardness	and	micro-Vickers	hardness	tests	were	performed	on	
samples	after	overaging,	in	order	to	estimate	a	correlation	between	the	two	hardness	scales,	as	




















































tolerance	 indicated	 in	 the	 drawing	 for	 piston	 ring	 groove	 is	 in	 fact	 large,	 so	 that	 it	 is	
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carried	 out	 just	 in	 specific	 cases	 in	 which	 damage	 occurred.	 Piston	 valve	 reliefs	 were	















Vickers	rather	 than	Brinell	hardness	 tests	was	due	to	the	need	of	acquiring	 information	







































is	 carried	 out,	 highlighting	 that	 only	 when	 exceeding	 a	 certain	 threshold	 knock	 compromises	
engine	 functionality.	 Controlled	 knocking	 combustions	 were	 induced	 during	 bench	 tests,	 by	
varying	 the	 spark	 advance	 for	 each	 cylinder.	 Several	 knock	 intensities	 and	 frequencies	 were	






This	 study	 is	 part	 of	 a	wider	 project,	 whose	 aim	 is	 to	 increase	 knocking	 limits	 from	 the	 “safe	

















in	 principle,	 by	 two	 extremely	 different	 situations:	 isolated	 knocking	 combustions,	 evenly	
distributed	in	600	cycles	(1	event	over	X	bar	each	50	cycles),	or	12	consecutive	events	over	X	bar	
each	600	cycles.	In	order	to	better	investigate	the	influence	of	“temporal	distance”	of	knocking	












1		 15	 1		 64.3	 /	 /	
2		 85.7	 /	 	
3	 64.3	 /	 /	
4	 Knock	limit	 /	 /	
2		 3	 5	 /	 64.3	 /	
6	 /	 64.3	 /	
7	 /	 42.9	 /	
8	 /	 32.1	 /	
3		 15	 9	 	 42.9	 /	
10	 	 42.9	 /	
11	 /	 /	 1cycle/50	MAPO>85.7	











targeted	 value,	 while	 p_max90%	 values	 have	 been	 normalised	 to	 the	 actual	 maximum	 value	
detected.		
While	PID-controlled	distributions	of	both	MAPO	and	p_max	can	be	very	similar	 to	 the	natural	
response	of	 the	 engine	 controlled	with	 constant	 spark-advance,	 the	distribution	of	MAPO	and	




#set	 Test	[h]	 #	piston	 MAPO	99.5%	[%]	 MAPO	98%	[%]	 p_max	90%	[%]	
1	 15	 1		 64.3	 45.7	 94.1	
2		 75.0	 52.1	 94.2	
3		 66.4	 44.3	 93.8	
4	 28.6	 20.0	 88.0	
2	 3	 5		 89.3	 57.9	 98.4	
6		 82.1	 55.7	 100	
7		 55.7	 37.1	 97.6	
8		 38.6	 27.9	 93.5	
3	 15	 9		 75.0	 49.3	 91.9	
10		 69.3	 47.9	 93.8	
11		 130.7*	 52.9*	 74.0*	
12		 97.1	 62.9	 95.6	
	
Preliminary	visual	analysis	of	pistons	
Visual	 naked-eye	 inspection	 of	 pistons	 after	 bench	 tests	 represents	 the	 very	 first	 but	








need	 to	be	 removed	 in	order	 to	 further	 analyse	 the	 surface	damage.	 The	amount	of	 compact	
carbon	 residues	 on	 pistons	 crown	mainly	 depends	 on	 the	 air-fuel	 equivalent	 ratio	 (λ),	 on	 the	
adoption	of	direct	injection	(DI)	or	port	fuel	injection	(PFI)	systems,	on	the	injection	timing	and	on	
the	geometry	of	the	combustion	chamber,	which	might	enhance	the	accumulation	of	deposits	in	






injection	 system	 and	 timing),	 it	 is	 possible	 to	 state	 that	 the	 presence	 of	 a	 compact	 and	
homogeneous	 layer	 of	 carbon	 deposits	 on	 the	 whole	 piston	 head	 underlines	 the	 absence	 of	






end-gases	 responsible	 of	 knocking	 occurrence	 exactly	 cover	 the	 annular	 region	 around	 piston	
edge.	
			 	









knock	 occurs	most	 violently,	 piston	 surface	 is	 not	 covered	 by	 carbon	 residues.	 The	 interaction	
between	pressure	waves	 due	 to	 knock	 is	 thought	 to	 be	 the	main	 responsible	 of	 piston	 crown	
cleaning.	
Once	the	most	damaged	sites	were	detected	in	the	macro-scale,	through	visual	observation	and	








are	 the	 piston	 areas	most	 susceptible	 to	 knocking	 damage:	 in	 all	 pistons	 but	 piston	 4,	 in	 fact,	
damage	in	at	least	one	valve	relief	has	been	detected.	The	main	observed	damage	mechanisms	in	
this	area	are	erosion	and	polishing	of	valve	edge,	both	in	the	intake	and	exhaust	side,	which	also	
means	both	 in	the	thrust	and	anti-thrust	side,	without	any	preferential	 location	(at	 least	at	the	
tested	engine	operating	point	of	4500	rpm).		



























the	 underlying	 causes	 of	 valve	 relief	 damage,	 two	 indexes	 were	 provided	 for	 each	 piston	 to	
quantify	the	damage,	separately	evaluating	polishing	and	erosion.	The	most	damaged	valve	reliefs,	






























Pist.	#	 Polishing	index	[mm]	 Erosion	index	(qualitative	0÷5)	 Pmax90%	 MAPO	99.5%	/	98%	
1	 0.456	 1	 94.1	 64.3	/	45.7	
2	 0.383	 1.5	 94.2	 75.0	/	52.1	
3	 0.556	 1.5	 93.8	 66.4	/	44.3	
4	 0	 0	 88.0	 28.6	/	20.0	
5	 0.378	 3	 98.4	 89.3	/	57.9	
6	 0.477	 3	 100	 82.1	/	55.7	
7	 0.195	 1.2	 97.6	 55.7	/	37.1	
8	 0.03	 0	 93.5	 38.6	/	27.9	
9	 0.377	 1.5	 91.9	 75.0	/	49.3	
10	 0.395	 0.8	 93.8	 69.3	/	47.9	
11	 0.09	 5	 74.0*	 130.7	/	52.9	




Even	 if	 the	 polishing	 of	 valve	 relief	 edge	 is	 an	 inoffensive	 damage,	 which	 does	 not	
compromise	piston	function,	it	is	worth	further	analysing	its	causes	since	it	is	frequently	observed.	
This	damage	clearly	arises	from	the	sliding	contact	between	cylinder	and	piston	valve	relief	and	it	
















































Among	 them,	 erosion	 damage	was	 heaviest	 in	 piston	 11,	 which	 experienced	 the	most	 severe	
MAPO	99.5%	and	which	 is	 therefore	taken	 into	consideration	to	understand	the	main	cause	of	


























number	 of	 2	 sequential	 knocking	 combustions	 (respectively	 characterised	 by	 MAPO	 values	
beneath	and	above	the	targeted	threshold	of	85.7%)	each	50	cycles,	whose	global	results	are:	
• A	single	but	severe	knocking	event,	confirmed	by	the	extremely	high	value	of	MAPO	99.5%	




fact	 that	 high	 values	 of	MAPO	 99.5%,	 rather	 than	MAPO	 98%,	 seem	 better	 related	 to	
erosion	damage	means	 that	most	of	 the	erosion	damage	 is	 produced	by	 intense,	 even	





It	 can	 be	 therefore	 inferred	 that,	 among	 the	 considered	 engine	 parameters,	 erosion	 damage	
mainly	 depends	 on	 the	 intensity	 of	 single	 knocking	 combustions	 (evaluated	 by	MAPO	 99.5%),	
therefore	on	both	knock	 induced	mechanical	stresses	 (pressure	waves)	and	on	 its	sudden	heat	
release	(thermal	strain	and	stresses).		
The	relationship	between	erosion	level	and	MAPO	99.5%	clearly	results	also	from	Fig.6.18.		
As	well	as	 the	polishing	damage,	 the	erosion	damage	revealed	to	be	not	 time-dependent.	This	
characteristic	 is	reasonable,	since	the	level	of	erosion	was	evaluated	by	considering	the	surface	
morphology:	 the	duration	of	bench	 tests	 is	 thought	 to	affect	 the	amount	of	 removed	material	






	k:h<lhm = 4.8782	Q9!R99.5% − 1.8371	










the	 erosion	 damage	 produced	 at	 the	 edge	 of	 piston	 valve	 pocket.	 The	 produced	 damage	 is	
highlighted	in	Fig.6.19b-c:	visible	deep	cracks	tend	to	propagate	in	the	soft	-Al	matrix,	at	the	
interface	 with	 Cu-Ni	 based	 intermetallics	 and	 Si	 particles.	 This	 is	 a	 preferential	 site	 for	 cracks	
initiation,	since	(i)	-Al	matrix	is	softer	than	both	intermetallics	and	eutectic/primary	Si	particles,	




failure	 in	 high	 performance	 automotive	 diesel	 pistons.	 The	 damage	 can	 be	 therefore	 clearly	













• The	upper	part	of	 the	valve	 relief	 (enclosed	 in	blue),	which	 includes	both	slightly	up	 to	
heavily	eroded	areas,	moving	from	piston	crown	to	valve	edge.	This	area	was	analyzed	in	
order	to	get	information	about	the	different	stages	of	erosion	and	its	evolution.	
Low	 magnification	 micrographs	 highlight	 the	 significantly	 pitted	 aspect	 of	 valve	 pocket	 edge	







are	 finally	 completely	 torn	 out.	 Plastic	 deformation	 also	 highlights	 the	 direction	 of	 knocking	


















Pistons	 #5,	 #6	 and	 #11	 also	 showed	 erosion	 spots	 in	 the	 anodised	 area	 of	 the	 1st	 ring	
groove,	which	was	clearly	visible,	even	at	naked	eye,	in	tilted	pistons.	The	1st	ring	groove	collects	
the	 end-gases	 farthest	 from	 the	 central	 spark-plug,	 and	 it	 is	 therefore	 one	 of	 the	 potential	
triggering	sites	of	knock.	Moreover,	this	is	a	crevice	area,	which	might	be	extremely	susceptible	of	
knocking	 damage:	 as	 stated	 by	 Fitton	 et	 al.	 [19],	 knocking	 erosion	 in	 crevices	 might	 be	
strengthened	by	cracks	propagation	caused	by	extreme	pressure	differences.	Nevertheless,	the	1st	























































b-c,	 where	 low	 magnification	 micrographs	 (Fig.6.23a-b)	 allow	 to	 have	 an	 overview	 of	 the	
interesting	sites,	while	the	higher	magnification	micrograph	(Fig.6.23c)	clearly	shows	the	damage	
morphology.	Lower	magnification	micrographs	always	referring	to	the	1st	ring	groove	of	piston	5,	
but	 exhaust	 side,	 are	 also	 reported	 in	 Fig.6.24a-b	 (same	 magnification	 of	 Fig.6.23a-b).	 Visual	
analyses	 on	 piston	 5	 exhaust	 side	 did	 not	 reveal	 any	 damage,	 therefore	 this	 area	 might	 be	





intake	 side	 (Fig.6.23a)	 clearly	 reveals	 the	 presence	 of	 3	 areas,	 characterised	 by	 different	
morphological	aspects.	On	the	contrary,	just	2	areas	are	identified	in	the	exhaust	side	of	the	same	
piston	 (Fig.6.24a),	 which	 are	 characterised	 by	 a	 totally	 comparable	 aspect	 but	 are	 indeed	
separated	by	the	chamfer	edge	of	the	1st	ring	groove	(indicated	by	arrows).	The	damage	caused	by	
knock	is	separately	considered	for	each	zone,	as	follows:	








































showing	the	presence	of	2	different	zones	 in	 the	anodised	 layer;	 the	separation	 line	 is	offered	by	chamfer	edge,	pointed	out	by	
arrows.	(b)	Higher	magnification	micrographs	(1000	X)	of	the	2	different	zones.	











In	 a	 few	 cases,	 also	 erosion	 in	 pistons	 crown	 and	 top	 land	 has	 been	 found	 and	 it	was	


























































hardness	decrease	 is,	 in	fact,	related	to	overaging,	which	 is	a	diffusion-controlled	phenomenon	
and	therefore	it	requires	time	at	a	certain	temperature	to	produce	its	effects.	
It	 is	 however	 fundamental	 to	 point	 out	 that	 Al	 alloys,	 overaged	 or	 not,	 exhibit	 a	 considerable	
decrease	 in	 mechanical	 strength	 at	 high	 temperature	 (an	 example	 being	 shown	 in	 [38,39]	 as	
regards	 the	 high	 performance	 AA2618	 piston	 alloy):	 even	 if	 an	 instantaneous	 increase	 of	
temperature	is	not	able	to	produce	a	perceivable	overaging,	it	instantaneously	decreases	the	yield	
and	ultimate	strength	of	the	alloy,	which	becomes	more	prone	to	plastic	deformation	and	final	
failure.	 In	 view	 of	 this,	 the	 main	 thermal	 effect	 of	 knock	 is	 assumed	 to	 be	 a	 significant	
instantaneous	 alloy	 softening,	which	 strengthens	 the	 effects	 of	 knock	 pressure	 oscillation	 and	
therefore	further	locally	intensifies	the	erosion	damage:	the	knock-induced	higher	temperatures	
therefore	act	as	an	intensification	factor	for	the	knock-induced	mechanical	stresses.	


























Measure	#	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	
HV1	norm.	 78%	 83%	 85%	 85%	 80%	 84%	 95%	 99%	 94%	 87%	






Measure	#	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	
HV1	norm.	 87%	 92%	 94%	 91%	 85%	 95%	 97%	 100%	 99%	 93%	













contact	 between	 piston	 valve	 relief	 and	 cylinder.	 Erosion	 damage	 is	 more	 severe	 and	
compromising,	 since	 it	 produces	 debris	 inside	 the	 combustion	 chamber.	 OM	 and	 SEM	

















• Hardness	 measurements	 on	 pistons	 after	 bench	 tests	 cannot	 be	 directly	 related	 to	
knocking	intensity:	piston	thermal	field	is,	in	fact,	strictly	related	to	piston	geometry	and	to	
the	 maximum	 pressure	 inside	 the	 combustion	 chamber,	 which	 usually	 masks	 the	












below,	 but	 reviewed	 from	 a	 “metallurgical”	 point	 of	 view,	 stressing	 the	 relevance	 of	 engine	
parameters	in	affecting	material	behaviour.	The	paper	was	also	further	integrated	with	the	results	







parameters	mainly	 influence	material	properties	and	 therefore	pistons	 failure	during	abnormal	
combustions.	 Aiming	 to	 underline	 the	 synergetic	 effects	 of	 thermal	 and	mechanical	 loads,	 the	
paper	reports	an	attempt	to	separately	control	p_max-MAPO:	steady-state	tests	have	been	in	fact	













differential	 thermal	 expansion	 of	 the	material;	 (ii)	 thermal	 damage	 (material	 strength	 decay),	
caused	 by	 higher	 temperatures	 due	 to	 heat	 transfer	 increase	 during	 abnormal	 combustions	
[2,18,19,22,24,25,40].	
For	given	operating	conditions,	and	at	fixed	air	and	fuel	quantities,	wall	thermal	load	(i.e.	
heat	 flowing	 through	 the	walls)	depends	on	 spark	advance:	 the	higher	 the	 spark	advance,	 the	
higher	 the	 in-cylinder	 pressure,	 temperature	 and	 nominal	 heat	 transferred	 to	 the	 walls	
(disregarding	of	knock).	Considering	this,	maximum	pressure	p_max	will	be	used	in	this	Sect.	as	a	
reliable	and	convenient	raw	indicator	for	the	wall	thermal	load;	p_max	is	defined	as	the	maximum	
value	 of	 the	 low-pass	 filtered	 pressure	 signal,	 see	 Fig.6.27.	 Knocking	 operation,	 however,	 is	
supposed	 to	 amplify	 the	 thermal	 load	 and	 to	 add	 a	 contribution	 towards	 further	 heating	 the	
combustion	chamber	walls	[22,40],	even	if	the	heating	is	instantaneous	and	cannot	be	efficaciously	
traced	 by	 hardness	measurements	 on	 pistons	 head,	 as	 reported	 in	 the	 previous	 Sect.6.2	 [30].	
Knock	 intensity	 is	 defined	 by	 the	 common	 index	MAPO	 (as	 reported	 in	 Eq.5.3	 and	 graphically	
explained	in	Fig.6.27).	














































Cylinder	 5	 6	 7	 8	
MAPO	99.5%	measured	[%]	 16.0	 57.5	 75.0	 100.0	
P_max	90%	[%]	 65.1	 71.6	 73.2	 72.9	
RON	95	test	–	10h	
Cylinder	 1	 2	 3	 4	
MAPO	99.5%	measured	[%]	 20.5	 43.5	 50.0	 67.0	
P_max	90%	 80.1	 85.7	 86.6	 87.7	
RON	100	test	–	6.1h	
Cylinder	 5	 6	 7	 8	
MAPO	99.5%	measured	[%]	 15.5	 35.5	 50.0	 64.5	






























RON	 Piston	#	 Most	damaged	valve	 Erosion	index	E	 1st	groove	size	
91	
5	 None	 0	 100%	
6	 None	 1.2	 100%	
7	 Exhaust,	270°	 2	 100%	
8	 Exhaust,	90°	 10	 98%	
95	
1	 none	 0	 100%	
2	 Exhaust,	90°	 0	 100%	
3	 Exhaust,	90°	 1.5	 100%	
4	 Exhaust,	90°	 6	 98%	
100	
5	 None	 0	 100%	
6	 None	 0	 100%	
7	 Exhaust,	270°	 3	 98%	
8	 Exhaust,	90°	-	270°	 5	 97%	
	
By	 measuring	 residual	 hardness	 on	 pistons	 crown	 (in	 the	 positions	 highlighted	 inby	




correspond	 to	 higher	 average	 temperatures	 at	 pistons	 head	 (and	 combustion	 chamber	
components	in	general).	
	



















normalized	 with	 respect	 to	 the	 operation	 time,	 assuming	 the	 hypothesis	 that	 damage	
accumulation	is	linearly	time-dependent.		
The	effect	of	piston	temperature	on	the	induced	damage	is	evident	if	pistons	#6	–	RON91,	#3	–	
RON95,	 #7	 –	 RON100	 are	 considered:	 these	 pistons	 approximately	 operated	 under	 the	 same	
knocking	level	(57.5%,	50.0%,	50.0%	respectively),	but	different	erosion	levels	are	achieved,	equal	
to	1.2,	1.5,	3	 (which	 turn	 into	1.5,	1.5,	4.9	 if	normalized	 to	 the	operating	 time).	 Evidently,	 the	














has	 a	 substantial	 contribution	 to	 the	 chamber	 surfaces	 temperature,	 and	 it	 is	 known	 that	
temperature	 strongly	 influences	 instantaneous	material	 properties	 (especially	 for	 Al	 alloys),	 in	









In	 the	 final	 step	of	 the	Ph.D.	 activities,	 all	 the	elements	needed	 to	model	piston	 knock	
damage,	 with	 a	 control-oriented	 approach,	 were	 available:	 the	 main	 knocking	 damage	














































• A	 few	bench	 tests	 show	 the	presence	of	 erosion	 at	 piston	 top	 land,	 so	 that	 roughness	
measurements	were	able	 to	detect	 a	 change	 in	 roughness	 values	between	eroded	and	








to	 discriminate	 between	 different	 erosion	 levels	 and	 not	 overly	 affected	 by	 a	 single	
discontinuity	 (as	Rt	does).	According	 to	DIN-4768	 standard,	RzD	 is	 in	 fact	 calculated	by	
determining	the	average	maximum	peak-to-valley	distance	within	5	successive	sampling	















































• A	final	attempt	has	been	made	through	3D	 laser	scan,	 through	Faro	Edge	ScanArm®,	at	
Ferrari	Dept.	of	Powertrain	Development.	The	idea	was	to	compare	the	acquired	cloud	of	
points	to	the	3D	CAD	geometry,	in	order	to	determine	the	eroded	volume.	For	the	purpose,	
piston	#7	 form	set8	was	 selected,	due	 to	 its	 low	 level	of	erosion	 (E=2	according	 to	 the	
ranking	based	on	Hirox	images).	In	this	case,	the	resolution	of	the	instrument	was	not	high	





Another	 relevant	 damage	 detected	was	 the	 damage	 at	 1st	 ring	 groove.	 This	 can	manifest	 in	 2	
different	ways:	













through	 OM	 micrographs	 on	 specific	 metallographic	 sections.	 These	 activities	 helped	 in	












































































	 In	addition	to	that,	also	the	 local	temperature	of	pistons	was	modelled	 in	the	ECU,	as	a	
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	 On	 this	 basis,	 the	 experimental	 activities	 of	 Part	 A	 of	 this	 Ph.D.	 thesis	 collect	 a	 critical	
analysis	on	Al-Si	and	Al-Cu	piston	alloys,	both	 for	 the	mass	production	and	for	 the	racing	 field.	
Besides	 the	 variation	 of	 mechanical	 properties	 with	 thermal	 exposure	 (examined	 through	
overaging	curves	and	tensile	tests),	the	microstructural	features	were	deeply	investigated,	with	the	
aim	to	determine	the	most	effective	combination	of	suitable	alloying	elements	and	heat	treatment	
to	 enhance	 high	 temperature	 resistance.	 In	 the	 most	 promising	 cases,	 tensile	 tests	 at	 high	


















consistent	 improvement	 in	 terms	of	 residual	hardness	after	overaging.	Correspondingly,	 the	RT	
tensile	properties	after	overaging	are	supposed	to	be	significantly	enhanced	This	high	performance	
eutectic	Al-Si	alloy	is	then	referred	to	as	AlSi12CuNiMg	alloy.	
The	 two	 most	 promising	 piston	 alloys	 developed	 to	 date	 in	 the	 automotive	 scenario,	
namely	 Al-Cu	 AA2618	 and	 AlSi12CuNiMg,	 have	 been	 more	 deeply	 studied,	 aiming	 to	 further	
enhance	their	high	temperature	properties	and	resistance	to	overaging.	According	to	the	literature	
data,	 transition	 elements	 were	 added	 to	 stimulate	 the	 formation	 of	 fine	 and	 homogeneously	
distributed,	 thermally	 stable	 dispersoids,	 able	 to	 effectively	 hinder	 dislocation	motion	 at	 high	
temperature.	Since	a	research	directly	applicable	to	the	industrial	field	is	the	target	of	this	Ph.D.	
thesis,	 only	 conventional	 casting	 routes	 have	 been	 considered,	 thus	 the	 amount	 of	 transition	
elements	 which	 can	 be	 added	 to	 these	 alloys	 is	 considerably	 limited	 because	 of	 primary	
precipitation.		
Up	to	0.3wt%	Mo	additions	were	tested	in	the	eutectic	AlSi12CuNi	alloy,	in	order	to	stimulate	the	
formation	 of	 heat	 resistant	 Al-(Fe-Mo)-Si	 dispersoids;	 the	 effects	 of	 0.25wt%	 Zr	 in	 the	 Al-Cu	
AA2618	alloy	were	indeed	evaluated,	aiming	to	take	advantage	of	the	coarsening	resistant	Al3Zr.	In	
both	 cases,	 an	optimized	heat	 treatment	was	developed,	 since	 the	 transition	elements	have	a	
sluggish	 diffusivity	 in	 Al	 matrix	 and	 they	 typically	 form	 at	 the	 higher	 solution	 temperatures;	
besides,	the	base	industrial	heat	treatment	on	both	base	and	modified	alloys	was	considered	as	a	
reference.		
While	 no	 beneficial	 effects	 have	 been	 induced	 by	 Mo	 additions	 (actually	 responsible	 of	 an	
increased	amount	of	casting	defects),	positive	results	were	achieved	for	AA2618	enriched	in	Zr	and	
heat	treated	according	to	the	base	industrial	heat	treatment.	Even	if	the	advantages	of	Zr	additions	
are	 not	 immediately	 perceivable	 in	 terms	 of	 residual	 hardness	 after	 thermal	 exposure,	







	 Finally,	 two	 innovative	 Al-Cu-Li(-Ag)	 alloys,	 namely	 AA2099	 and	 AA2055,	were	 in-depth	
characterized,	aiming	to	determine	their	potential	in	terms	of	high	temperature	applications.	In	
addition	to	the	typical	Cu	based	precipitates	(ϑ-Al2Cu,	S-Al2CuMg),	these	alloys	in	the	peak-aged	
condition	 take	advantage	of	 T1-Al2CuLi,	 δ-Al3Li	 and	Al3Zr	phases,	which	provide	extremely	high	
strength-to-weight	ratio	at	room	temperature.	Thanks	to	this	characteristic,	extremely	appreciated	
also	 for	 automotive	 components,	 these	 alloys	 are	 nowadays	 typically	 employed	 for	 structural	
aerospace	 applications.	 The	 effects	 of	 overaging	 on	 the	 room	 and	 high	 temperature	 tensile	
properties	of	the	alloys	were	assessed	in	the	range	200-300°C;	the	mechanical	characterization	
was	 also	 coupled	 with	 STEM	 microstructural	 investigations,	 aiming	 to	 highlight	 the	 most	















which	 is	 today	deeply	 investigated	 in	 the	 automotive	 scenario	 and	might	mark	 a	 step	 forward	
towards	 the	 reduction	 of	 fuel	 consumption:	 knocking	 combustions	 under	 a	 certain	 threshold	
should	be	partially	accepted,	allowing	the	engine	to	operate	with	higher	efficiency.	However,	these	
abnormal	 combustions	 produce	 pressure	 oscillations	 which	 significantly	 increase	 the	 thermo-







(and	 correspondingly	 the	 acceptable	 knocking	 damage)	 which	 does	 not	 compromise	 engine	
functionality.	No	data	addressing	this	issue	are	available	in	literature.	
Several	bench	tests	have	been	thus	performed	under	controlled	knocking	conditions,	 in	
cooperation	 with	 Ferrari	 Auto	 S.p.A.	 and	 Fluid	Machinery	 Research	 Group.	 The	main	 damage	




of	 an	 instantaneous	 alloy	 softening,	 which	 acts	 as	 an	 intensification	 factor	 for	 knock-induced	
mechanical	stresses.	Piston	valve	reliefs	(and	any	“edge”	in	the	combustion	chamber	in	general)	
are	 therefore	 extremely	 sensitive	 to	 knock	 damage,	 due	 to	 their	 high	 surface-to-volume	 ratio	
which	significantly	enhances	the	local	temperature	and	might	also	trigger	knocking	combustions.	
The	intensity	of	erosion	damage	of	piston	valve	reliefs	appears	well	related	to	the	severity	of	single	
knocking	 cycles	 (adequately	 represented	 by	 the	 engine	 parameter	MAPO	 99.5%).	 In	 the	most	
severe	cases,	knock	pressure	oscillations	were	found	to	considerably	damage	the	anodized	layer	
of	 piston	 first	 ring	 groove	 and/or	 to	 locally	 produce	 a	 plastic	 deformation	 of	 the	 ring	 groove,	
compromising	the	functionality	of	the	first	ring.	
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